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INTRODUCTION 


Within the vegetation of Central California, there 
_ are many cases of edaphic restriction. Notable among 
| them are the restrictions of certain species to ser- 
pentine soils. Although all species occurring on ser- 
pentine soils are not restricted to such soils, some 
secur on no other soil type. Examples of the occur- 
rence of different species or subspecies on adjacent 
| Serpentine outcroppings are common in the genus 
/Streptanthus (Hoffman 1952). A broader case of 
| restriction to serpentine soils is exemplified by the 
geographically isolated populations of Cupressus sar- 
gentii Jeps. from northern Mendocino County to 
‘Santa Barbara County. Cupressus macnabiana Murr. 
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is an edaphically restricted species, which has the 
majority of its widely disjunct populations on ser- 
pentine soils. Quercus durata Jeps. is a common plant 
of serpentine soils through the north Coast Ranges, 
and is a fairly reliable indicator of serpentine. There 
are some areas in Napa and Sonoma Counties, how- 
ever, where Q. durata is on non-serpentized volcanic 
soils. A list of the species which are restricted en- 
tirely to serpentine soils might not be as long as ex- 
pected since many species occurring on serpentine 
soils (unless of very limited distribution) have seg- 
ments of their distribution on other soil types. Many 
species, such as Adenostema fasciculatum H. & A., 
Pinus attenuata Lemm., Rhamnus californica Esch., 
Umbellularia californica (H. & A.) Nutt. and Pinus 
ponderosa Dougl. are locally abundant on serpentine 
soils as well as non-serpentine soils. In addition, cer- 
tain species which generally occur on other than ser- 





178 
pentine soils are often confined to serpentine soils at 
the limits of their distribution. 

Although plants of serpentine soils are striking 
examples of edaphic restriction in California, there 
are many plants which are known to be restricted 
to other soil types. The examples of serpentine re- 
striction, however, are better known, owing to the 
ease with which serpentine outcroppings can be de- 
tected and to a series of recent investigations of the 
nature of restriction to these soils (Mason 1946a, 
1946b; Walker 1954; Kruckeberg 1954). 

Other notable cases of edaphic restriction in Cali- 
fornia oceur on highly acid soils. The genus Cupres- 
sus, which provided an example of a narrowly re- 
stricted species on serpentine soil, contains examples 
of species which are not known except on highly acid 
soils. Cupressus pygmaea (Lemm.) Sarg. is nar- 
rowly restricted to a dissected coastal plateau in 
Mendocino County and grows there on soils which 
represent the most acid soils (pH 3.5-4.0) in Cali- 
fornia. Another species, C. goveniana Gord. is very 
narrowly confined to acid soils in Monterey County. 
Pinus bolanderi Parl. is a species confined to highly 
acid soils in Mendocino County. Pinus muricata Don. 
occurs in disjunct areas of highly acid soils from 
Mendocino County to Santa Barbara, although it has 
a rather general distribution along the coast of Men- 
docino and Sonoma Counties. The narrow restriction 
of Arctostaphylos myrtifolia Parry is to an area of 
highly acid soils in the Sierra Nevada foothills of 
Amador County. 

The restriction of certain species of Cupressus to 
serpentine soils and of closely related species to 
highly acid soils led to an investigation of physiologi- 
cal tolerances within the genus Cupressus. Sinee both 
serpentine and highly acid soils are of an unusual nu- 
trient status, the responses of individuals of Cupres- 
sus to varied edaphic situations was suggested for in- 
vestigating the possible presence of a common restric- 
tive factor in the distribution of the genus. The com- 
mon denominator of restriction to serpentine and 
highly acid soils might involve the similarity of the 
low calcium saturation of the two soils or might in- 
elude a series of soil characteristics. The validity of 
a common denominator would be challenged by the 
failure of growth on a serpentine soil of a species 
restricted to highly acid soil. 

Since many species occur on other soils in addition 
to serpentine or highly acid soils, an aspect of the 
present inquiry was designed to determine the role 
of physiological differentiation in the distribution of 
certain species of Pinus and Cupressus. Previous 
work by Kruckeberg (1951, 1954) has shown that 
physiological races can be distinguished within a spe- 
cies which occurs on both serpentine and non-serpen- 
tine soils. He showed that many annual and peren- 
nial herbaceous species were clearly differentiated into 
races tolerant of serpentine soils and races intolerant 
of serpentine soils. The occurrence of racial differen- 
tiation 


within a woody species might also be the 
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physiological basis of its distribution on a serpen- 
tine or an acid soil as well as other soils. 

The similar edaphic restriction of certain species of 
Pinus and Cupressus led to a consideration of the ¢o- 
incidental physiological tolerances of different species, 
Other species which were growing with particular 
species of Pinus and Cupressus allowed a comparison 
of the behavior of a number of genetically diverse 
individuals under uniform experimental conditions. 
This technique gave a better understanding of the na- 
ture of the plant communities which are restricted to 
particular soil types in the Coast Ranges of Central 
California. 


REVIEW OF THE LITERATURE 


For understanding edaphic restriction, two funda- 
mental problems must be reviewed. The first con- 
cerns the concept of soil fertility. The second con- 
cerns the status of our knowledge of variation in 
plants with respect to the edaphie aspects of the 
habitat. 

; Som FErtiuity 

To understand the role of the chemical aspects of 
the soil in plant distribution, a re-evaluation of the 
concept of soil fertility must be made with respect 
to the native vegetation. It has been repeatedly dem- 
onstrated that agricultural crop plants are unable to 
survive on many native California soils unless nu- 
trients are added to the soil. Usually, little empha- 
sis is given the fact that, on the particular soil tested, 
native plants are able to grow and thrive without the 
addition of nutrients. In terms of the agricultural 
crop plant the soil tested is infertile, but for the na- 
tive plant species the soil is quite fertile. 

Recently, in an investigation of two acid soils from 
Del Norte County, Heslep (1951) demonstrated the 
infertility of the soils to lettuce which required an 
enormous addition of phosphate for normal growth. 
Apparently the quantity or condition of the phos- 
phate in the soil rendered it unavailable to the let- 
tuce plants. Presumably the phosphate was available 
to the native plants growing on such acid soils. On 
serpentine soils, Walker (1954), has shown that to- 
matoes are unable to extract sufficient calcium for 
survival. The native plant species from serpentine 
areas, when grown under similar conditions, were able 
to obtain calcium in sufficient amounts for normal 
growth. Using serpentine soils, Walker was further 
able to demonstrate a molybdenum deficiency of the 
soil for tomatoes. Such a deficiency could not be 
shown for the native plants from serpentine areas. 

The concept of the fertility of native soils clearly 
is a relative matter and is directly correlated with the 
physiological tolerances of the individual plant being 
grown. A soil is considered infertile as a direct con- 
sequence of a plant being incapable of the uptake of 
a needed nutrient in sufficient quantity, or as the re- 
sult of taking up a nutrient in quantities that are 
toxic. The same soil can, therefore, in terms of two 
plants, present two different types of infertility; or 
it may allow the normal growth of still another plant 
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being tested. Billings (1950) demonstrated that Ar- 
temisia tridentata Nutt. was unable to survive on 
highly acid soils derived from hydrothermally altered 
andesite. The Artemisia grew in a habitat adjacent to 
the site on which Pinus jeffreyi Grev. & Balf. and 
P. ponderosa were locally restricted to the altered 
andesitic soils. In laboratory tests of soil fertility, 
Billings was able to demonstrate that the soil was 
highly phosphate deficient for the growth of tobacco. 
Of the experimentally grown Artemisia plants, all 
plants failed to survive except those in the altered 
andesitic soil receiving a complete nutrient treatment. 
Presumably no such deficiencies or toxicities would 
be demonstrated by the pine individuals from this 
same altered andesitie soil. 

Many different types of infertility on acid soils 
could result from the complex interrelationship of the 
chemical aspects of the soil and the physiological 
tolerances of the plants investigated. For continued 
growth on highly acid soils, the plants must be able 
to withstand the rigors of the natural nutrient status. 
The low degree of calcium or base saturation must 
be overcome by plants of acid areas by their having 
a greater ability to accumulate these ions. A toxic 
amount of aluminum, iron, manganese and the hy- 
drogen ion, per se, might be in the environment of a 
native plant growing in acid soil. The possible de- 
ficiency of phosphates and nitrogen and the possible 
contact depletion of nutrient ions from the plant root 
by the soil colloid are further complications to which 
a plant must be genetically adapted to survive on 
acid soils. 

Plants which grow on serpentine soil must be able 
to accumulate caleium from a soil of low calcium 
saturation. Possible toxicities resulting from the high 
concentrations of chromium and nickel must involve 
physiological adjustments by individuals surviving on 
serpentine soils. Birrell & Wright (1945) found, in 
the leaves of plants growing on serpentine soils, con- 
centrations of chromium in a quantity which is known 
to be toxic to citrus. The ability to remove molyb- 
dates from the soil, as well as to survive on low 
levels of phosphate and nitrate, must be characteristic 
of individuals of serpentine areas. 

The nutrient status of serpentine and highly acid 
soils does present survival problems to agricultural 
plants. However, it is not yet known just how the na- 
tive plants are able to survive in these habitats, in 
view of generalizations that have developed around 
investigations of cultivated plants. That many plants 
which are narrowly restricted to serpentine and highly 
acid soils grow better, under experimental conditions, 
on soils other than those to which they are restricted, 
adds to the complexity of the situation. 

VARIATION IN PLANTS 

Using the uniform garden technique and the trans- 
planting of individuals from different segments of 
the distribution of a species, Turesson (1922) was 
able to show that a widespread species is composed of 
many races differing on a genetic basis. However, 
the morphological variation in the natural distribu- 
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tion was not always present in a uniform garden 
planting. This suggested the presence of the same 
genetic basis. The more recent work of Clausen, Keck 
& Hiesey (1940) has involved the transplanting of 
clonal segments of individuals representing species 
with a wide altitudinal range in California. The 
transplants in three uniform gardens at different 
altitudes have shown that climatic races differing 
morphologically and physiologically are commonly 
present in the range of a widespread species. 

Within morphologically indistinguishable units, a 
difference a response to serpentine soils has been 
demonstrated by Kruckeberg (1951). Races of Gilia 
capitata Dougl. subsp. capitata Grant which did not 
grow on serpentine soils were incapable of survival 
on serpentine soils. Races normally growing on ser- 
pentine soils were able to survive on both ser- 
pentine and non-serpentine soils. The addition of 
calcium to the serpentine soil allowed the survival of 
the non-serpentine race of Gilia. This race was unable 
to accumulate sufficient calcium from the unaltered 
serpentine soil. 

Evidence of edaphic races is not frequent in the 
literature. A correlation with edaphic conditions was 
noted by Melchers (1939) for plants growing in the 
European Alps. Of two species differing in petal 
shape, Hutchinsia alpina is not known from soils 
other than those derived from limestone, while 
Hutchinsia brevicaulis is restricted to soils of igneous 
origin. Melchers showed that the difference in dis- 
tribution is due to genetically controlled differences 
in physiological tolerances. He showed that H. brevi- 
caulis was able to grow better at a lower concentra- 
tion of caleium than H. alpina, when grown on arti- 
ficial water culture. He found, however, a form of 
Hutchinsia which agreed in petal shape with that of 
H. brevicaulis but which grew on limestone. In water 
culture, the form morphologically resembling H. brevi- 
caulis had the characteristic of H. alpina in requiring 
a relatively high calcium status. 

Johnston (1941) and Waterfall (1946) have indi- 
cated numerous examples of plants growing on gyp- 
sum soils which varied from those of non-gypsiferous 
soils. The variations have not been experimentally in- 
vestigated but were regarded as distinct species when 
accompanied by a restriction to gypsum soils. 

Vinogradov (1949) reports on physiological races in 
Pinus sylvestris L. While working on the problem of 
afforestation of chalk and limestone exposures in 
the southern part of central Russia, he found pine 
woods on chalk and limestone slopes as well as on 
sandy river terraces. Seeds representing the limestone 
‘ace germinated under the same conditions as seeds 
of the race from sandy soils. The germination of 
the limestone race was normal on sandy soil, but the 
seedlings subsequently died. It is further stated that 
attempts to grow the limestone race on sandy soils 
failed, as have attempts to grow the race of sandy 
soils on caleareous sites. Physiological variation of 
Pinus nigra Arn. in relation to edaphie conditions 
has been reported by de Philippis (1937). 
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ie molding of a population to conform to the 
itat gradients might be expected to have involved 
alteration of many physiological processes of the 
dividuals. That many examples of variation in 
ants in relation to the chemical factors of the soil 
ire yet to be revealed by subsequent investigation is 


certain. 
METHODS AND MATERIALS 


An experimental approach to the study of the 
responses of native plants suggests several lines of 
investigation. The plants might be grown (A) on 
different soils under the same climatic conditions, 
(B) on the same soil under different climatic condi- 
tions and (C) on different soils under each of a series 
of climatic situations. The first two types of investi- 
gation were incorporated into this inquiry. The third 
must remain a goal for future inquiries into the na- 
ture of native plants. While these studies are largely 
of an exploratory nature, each plant species used in 
this present inquiry presented interesting responses 
which could be the object of intensive and profitable 
investigations. 

CULTURAL METHODS 

Most of the strains were first germinated on a 
series of soils which included a serpentine soil, an 
acid soil, and a control soil. The seeds were planted 
in 2” pots or in metal baking pans (5” x 9”) and 
watered regularly with distilled water. Following 
the analyses of the germination responses, many of 
the strains were transplanted to large wooden soil 
bins (31” x 72” x 8”) filled to 7 in. with the appro- 
priate soil. These soil bins had been placed on a 
fully exposed southwest-facing slope at the Univer- 
sity of California Botanical Garden and, prior to 
filling, were coated with asphalt paint on the inside. 
The soil bins were regularly watered with tap water 
during the drier periods of the year. In most cases, 
the seedlings were transplanted to the soils of the 
same character as those on which they were germi- 
nated. Other plant materials (e.g., Achillea) were 
collected from the naturally occurring populations 
and transplanted to the outdoor soil bins. 

In greenhouse studies asphalt-coated metal baking 
pans were filled with various altered soils. Seedlings 
from the comparative germination studies were trans- 
planted into the pans and watered regularly with 
distilled water. Since no drainage was provided by 
the metal pans, there was no leaching of nutrients. 





SEED AND PLANT MATERIAL COLLECTIONS 
Most of the seed was collected from native popu- 
lations. An attempt was made to obtain a random 
sampling. The cypress cones were dried for the re- 
moval of the seed. The pine species having serotinous 
cones required heating for the removal of seed. The 
seed of Pinus contorta Loud. were released from the 


cone upon maturation. Although no special precau- 


tions were taken in storing any of the seed, uniformly 
high rates of germination resulted. 





Ecological Monographs 
Vol. 26, No. 3 


TABLE 1. Seed and Plant Material Collection Data. 





Seed Collections: 


Seed Lot Designation Collection Site 


Cupressus pygmaea 
Cupy-ME-1 Coastal plateau, 1.5 mi. e. Mendocino City, Mendocino Co. Oct. 
2, 1949. 


Cupy-AB-17 Sandy slope, 1.5 mi. ne. Anchor Bay, Mendocino Cc. Oct. 9, 1949. 


Cupressus goveniana 


Cugo-HH-29 Huckleberry Hill, 2 mi. no. Carmel, Monterey Cc. Oct. 15, 1949, 
Cugo-PL-37 Sandy slope, 1.5 mi. e. of Point Lobos, Menterey Co. Oct. 16, 1949, 


Cupressus sargentii 

Cusa-BJ-39 Serpentine area above Bootjack Camp, Mt. Tamalpais, Marin 
Co. Dec. 10, 1949. 

Serpentine area, Cedar Mtn., no. end of Mt. Hamilton Range, 
Alameda Co. June 16, 1950. 

Serpentine area above Kenwood Springs, Sonoma Co. June 25 
1950. 


Cusa-CM-53 
Cusa-KS8-62 


Cupressus abramsiana 
Cuab-BD-40 0.7 mi. e. Bonny Deon, Santa Cruz Co. Jan. 29, 1950. 
Cuab-ER-41 Eagle Rock, Santa Cruz Co. Jan. 29, 1950. 


Cupressus macrocar pa 


Cuma-PL-43 Point Lobos, Monterey Co. May 15, 1950. 


Cupressus macnabiana 

Cume-WT-83 0.2 mi. e. Schilling (formerly Whiskeytown), Shasta Co. Aug. 
23, 1950. 

Serpentine area, Complexion Canyon, e. of Indian Valley, Lake 
Co. Aug. 24, 1950. 

4.7 mi. no. Dobbins.at Forsyth Ranch, Yuba Cc. Oct. 7, 1950, 


Cume-IV-87 


Cume-DO-96 
Cupressus bakeri subsp. bakeri 
Cubt-BS-86 9 mi. w. of Hat Creek Ranger Station, Shasta Co. Aug. 23, 1950. 
Cupressus sempervirens var. horizontalis 
Cush-TU-116 Antalya (Adalia) in ‘Kas” district, southern Turkey. 
Kasapligil. Dec. 27, 1950. 


Dr. Baki 


Pinus bolanderi 
Pibo-ME-20 Same as Cupy-ME-1. Oct. 9, 1949. 


Pinus contorta 
Pico-ME-101 Ocean bluffs, 2 mi. no. Albion, Mendocino Co. Nov. 26, 1950. 
Pico-TL-107 1 mi. no. Netarts, Tillamcok Co., Oregon. Coll. Wesley Hansen. 
Dec. 22, 1950. 


Pinus murrayana 
Pimy-PA-102 Helena National Forest, Montana. Source: Institute of Forest 
Genetics, Placerville. 
Pimy-PA-103 Sierra Nevada, Eldorado Co. Scurce: Institute of Forest Genetics, 
Placerville. 


Pinus muricata 

Pimu-ME-21 Same as Cupy-ME-1. Oct. 9, 1949. 

Pimu-AB-26 Same as Cupy-AB-17. 

Pimu-HH-28 Same as Cuge-HH-29. 

Pimu-PP-108 — Patrick’s Point State Park, Humboldt Co. Coll. J. W. Duffield 
Dec. 28, 1949. 

Plateau, e. Noyo, Mendocino Co. Coll. J. W. Duffield. Aug. 
13, 1947. 


Pimu-NO-110 


Pinus attenuata 

Piat-PF-82 Serpentine ridge between Pine Flat and Big Sulphur Cr., Sonoma 
Co. Coll. A. R. Kruckeberg, L. Constance and L. Heckard. 
May 12, 1950. 

Bonny Doon, Santa Cruz Co. Source: Institute of Forest Gen- 
etics Placerville. 

Same as Cuab-BD-127. 

Same as Cuab-ER-125. 

Same as Piat-PF-82. Sept. 15, 1951. 

Near summit Red Mtn., nw. Cummings, Mendocino Co. Sept. 
18, 1951. 


Piat-BD-111 


Piat-BD-128 
Piat-ER-126 
Piat-PF-131 

Piat-RM-141 


Navarretia squarrosa 
Nasq-AL-18 6 mi. e. Albion, disturbed site in redwood area, Mendocino Co. 
Oct. 9, 1949. 














July, 1956 


EpAPHIC RESTRICTIONS OF CUPRESSUS AND PINUS 





Seed Collections: 
Seed Lot Designation 


Collection Site 
Nasq-HH-35 Sandy disturbed sites of Cugo-HH-29. 
Nasq-BJ-146 | Serpentine area above Bootjack Camp, Mt. Tamalpais, Marin 
Co. August 4, 1951. 
Navarettia mellita 
Name-BR-124 Same site as Cuab-BR-123. 
Name-MT-151 Serpentine area, Rifle Camp Road, Mt. Tamalpais, Marin Co. 
Oct. 12, 1951. 
Navarretia jepsoni 
Naje-SK-133 Meadow at base of serpentine hill, 4 mi. ne. Middletown, Lake 
Co. Sept. 16, 1951. 
Naje-SK-134 Serpentine hill adjacent to meadow site of collection 133. 
Navarretia cotulaefolia 


Naco-SK-135 Meadow at base of serpentine hill, with collection 133. 


Navarretia atractyloides 
Naat-BL-145 Disturbed area w. Big Borax Lake, 6 mi. nw. town of Lower 
Lake, Lake Co. June 23, 1951. 
Naat-HH-33 Same as Cugo-HH-29. 
Naat-PL-36 Same as Cugo-PL-37. 
Naat-BD-66 Same as Cuab-BD-40. July 16, 1950. 
Navarretia rosulata 
Naro-MT-150 Serpentine area, Rifle Camp road, Mt. Tamalpais, Marin Cc. 
In small vernal pocl. Oct. 12, 1951. 
Rhododendron californicum 
Rhca-ME-4 Same as Cupy-ME-1. 
Gaultheria shallon 
Gash-ME-2 Same as Cupy-ME-1. 
Gash-HH-34 Same as Cugo-HH-29. 
Ledum glandulosum 
Legl-AL-12 5 mi. e. of Albion, Mendocino Co. Oct. 8, 1949. 
Bromus mollis 
Brmo-BG-158 Disturbed sites, Botanical Garden, University of California 
Alameda Co. July 31, 1948. 
Brassica nigra 
Bani-LO-159 Screenings, Lompoc Seed Company, Lompoc, Santa Barbara Co. 
Aira praecor 


Aipr-ME-19 Same as Cupy-ME-1. Oct. 9, 1949. 





Plant Material Collections: 
Clone Designation 


Archillea borealis 


Achi-CM-1 Non-serpentine site adjacent to serpentine outcropping, Cedar 
Mtn., Alameda Co. 

Achi-CM-2 Serpentine area with Cupressus sargentii, Cedar Mtn., Alameda 
Co. 

Achi-BL-3 Sandy area, 1 mi. e. town of Ben Lomand, Santa Cruz Co. 

Achi-M A-13 Roadside on coastal plateau, 0.5 mi. e. Mendocine Co. Airport, 


with Cupressus pygmaea. 
Achi-MA-15 Sandy soil with Pinus muricata, 1 mi. se. Mendocinc Co. Airport. 
Achi-BJ-17 Serpentine area with Cupressus sargentii, above Bootjack Camp, 
Mt. Tamalpais, Marin Co. 
Agrostis hallii 
Agha-M A-1 Coastal plateau, so. Mendocino Co. Airport. 


Agha-AB-2 Sandy soil with Cupressus pygmaea, Anchor Bay, Mendocino Co. 
Agha-AB-4 Same site as Agha-AB-2. 
Agha-BJ-6 Serpentine area, Bootjack, Mt. Tamalpais, Marin Co. 


Agha-MH-7 Sandy soil, Mountain Home, Mt. Tamalpais, Marin Co. 


Agrostis exerata 
Ager-M A-1 Coastal plateau with Cupressus pygmaea, at upper end of Van 
Damme trail, between Little and Albion Rivers, Mendocino Co. 
Horkelia tenuituba 
Hork-AB-1 Sandy soil with Cupressus pygmaea, Anchor Bay, Mendocino Co. 
Hork-MH-2 Sandy soil, Mountain Home, Mt. Tamalpais, Marin Co. 
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Several collections of pine seed, supplied by the 
Institute of Forest Geneties at Placerville, together 
with all others are listed in Table 1. Seed collections 
were designated by symbols which included the first 
two letters of the generic name and usually the first 
two letters of the specific name (e.g., Cupressus sar- 
gentii-Cusa), followed by a two letter designation of 
the collection site (e.g., Bootjack, BJ), and the num- 
ber of the seed collection (e.g., Cusa-BJ-39). 

Som COLLECTION 

Soil samples taken at the site of most seed collee- 
tions were used in various parts of the investigation. 
Analyses of a series of soils from areas where cer- 
tain cypress populations occur are included in Table 
2. Soils are designated by two letters which are an 
abbreviation of the collection site, in addition to a 
number (e.g., the soil from Anchor Bay in Mendocino 
County, AB-5). 


TABLE 2. Analyses of Californian Soils. 





EXCHANGEABLE Ca 
AND Me (me/100 NH, 
Soil gm, 2mm dry soil) |Adsorbed 
Designa- | Cupressus at |——-—;——-—,——-— (me/100 
tion* Collection Site | pH Ca Mg gm) 


| 
| 
| 
| 
| 


-93 


pygmaea 


ME-11...| C. 80 | 0.55 | 0.19 5 

ME-13...) C. pygmaea 4.50 | 0.67 | 0.045 3.93 
AB-5.....| C. pygmaea 4.85 | 1.06 | 0.54 6.09 
HH-2....| C. goveniana 4.65 | 1.11 | 0.44 4.10 
ss C. goveniana 4.95 | 1.66 | 0.39 4.38 
BD-10....| C. abramsiana | 5.20 | 1.39 = 3.41 
ER-51.. C. abramsiana | 5.95 | 6.76 | 0.35 7.91 
BR-50....| C. abramsiana | 5.10 |14.80 | 2.79 27.74 
BJ-9.....| C. sargentii 6.50 | 1.92 {12.00 18.64 
RM-54...| C. sargentii 6.75 | 6.06 | 4.12 11.55 
WT-32...| C. macnabiana | 4.98 | 0.63 | 0.11 7.37 


GV-38....) C. .28 | 8.01 18.52 


o> 
ra 
or 


macnabiana 


1 

DO-0....| C. macnabiana | 5.85 | 7.84 | 2.30 15.84 
FJ-41..... C. macnabiana 3.50 | 1.50 | 8.01 14.68 
HC-52....| C. macnabiana | 5.40 |17.74 | 4.97 oaune 
PF-53....| C. macnabiana 

and C. sargentii | 6.70 | 3.47 |20.32 | 38.88 
Shy 1 eee ee eee 7.10 | 3.40 |17.00 | 22.00 
Ls A Si 6.75 112.90 | 8.90 | 31.00 


*Soil collection data are contained in Table 3. 

tSoil types used by Walker (1954) and Kruckeberg (1951) in previous edaphic 
tolerance studies. Analyses of SK-43 and KO-42 are from Kruckeberg. Calcium 
determinations were by the calcium oxalate precipitation test. Magnesium de- 
terminations were by colorimetric procedures. 


For tolerance testing, large quantities of a control 
soil (KO-42) and a serpentine soil (SK-43) from 
Lake County were used in addition to an acid soil 
(ME-13) from Mendocino County. The control soil 
and the serpentine soil presented the particular ad- 
vantage of being soil types which had been used in 
previous investigations of the nature of endemism on 
serpentine soil. The control soil in its base status 
resembles many agricultural soils. It is a naturally 
occurring soil, mapped as Konocti gravelly clay loam. 
The serpentine soil in its base status was typical of 
moderately weathered California serpentine soils in 
having a low saturation of exchangeable calcium ac- 
companying a high saturation of exchangeable mag- 
nesuim. The acid soil was from a section of the 
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TABLE 
Scil Parent 
Designation Material Soil Description 
FB-1.... Sandstone Humus layer and ashy, 
leached horizon. 
HH-2..... Granodiorite | Humus layer and ashy, 
leached horizon. 
US eee Sandstone Fine, whitish material. 
AB-5..... Sandstone Shallow, yellowish sand. 
PL-7 Granodiorite | Coarse, yellowish sand. 
BJ-9...... Serpentine Shallow, moderately- 
weathered. 
BD-10 Sandstone | Fine sand. 
ME-11. Sandstone Humus layer and ashy, 
leached horizon 
ME-13.....| Sandstone Yellowish sand, many 


WT-32..... 


Collection Site 





Granite 


concretions. 
Fine, whitish alluvium. 


GV-38.....| Serpentine Moderately weathered. 
DOO. ....| Granite Sandy. 

FI+41... Serpentine Moderately weathered. 
KO-42.....| Sandstone Clay soil. 

SK-43......) Serpentine Moderately weathered. 
BR-50.....| Sandstone Shallow, light sand. 
ER-51.....| Sandstone Shallow, light sand. 
HC-52.....| Volcanic Grayish, light soil. 
PE-53...... Serpentine Moderately weathered. 
RM-54.. Volcanic Reddish, fine-textured. 


1.7 mi. e. Noyo, Mendocino Co. 
| 2 mi. n. Carmel, Monterey Co. 


2 mi. so. lone, Amador Co. 

1.5 mi. e. Anchor Bay, 
Mendocino Co. 

1.5 mi. e. Point Lobos, 
Monterey Co. 

Bootjack Camp, Marin Co 


0.7 mi. e. Bonny Doon, 
Santa Cruz Co. 

1.5 mi. e. Mendocino City, 
Mendocino Co. 

Same as ME-11 


0.2 mi. e. Schilling, Shasta Co. 
2 mi. no. Grass Valley, 
Nevada Co. 


| 4.7 mi. no. Dobbins, Yuba Co. 


1 mi. se. River Pines, 

Amador Co. 
4 mi. ne. Middletown, Lake Co. 
Same as KO-42. 


Butano Ridge, Santa Cruz Co. 
| Eagle Rock, Santa Cruz Co. 
Hooker Canyon, Sonoma Co. 
Ridge above Pine Flat, 
Sonoma Co. 
Red Mtn., ne. Cummings, 
Mendocino Co. 


Represented at Collection Site* 





Pinus bolanderi, P. muricata, 
Arctostaphylos nummularia. 

Pinus muricata, Arctostaphylos 
hookeri. 

Arctustaphylos myrtifolia. 

Pinus muricata, Arctostaphylos 
nummularia. 

Pinus radiata, Arctostaphylos 
hookeri, A. tomentosa. 

Arctostaphylos montana. 


Pinus attenuata, Arctostaphylos 
sensitiva, A. silvicola. 

Pinus bolanderi, Arctostaphylos 
nummularia, Vaccinium ovatum. 

Pinus muricata, Arctostaphylos 
nummularia, Vaccinium ovatum. 

Pinus attenuata. 

Quercus durata. 


Pinus attenuata. 

Pinus sabiniana, Arctostaphylos 
viscida. 

Quercus garryana, Q. douglasii. 

Pinus sabiniana, Quercus durata, 
Garrya congdoni. 

Adenostema fasciculatum. 

Adenostema fasciculatum. 

Adenostema fasciculatum. 

Pinus attenuata. 


Pinus lambertiana, Litccedrus 
decurrens. 





*Cupressus shown in Table 2. 


coastal plateau between Big and Little Rivers in 
Mendocino County. It was a yellowish sandy soil 
characterized by many concretions. Other soils which 
were used in sizeable quantities included a serpentine 
soil (BJ-9) from an area supporting a population 
of Cupressus sargentii at Bootjack on Mount Tamal- 
pais in Marin County and an ashy podsolized soil 
(ME-11) from Mendocino County adjacent to the 
collection site of ME-13. Reference to the use of each 
soil type presented in Table 3 will be found in sec- 
tions dealing with various phases of the study. 
Som ALTERATION 

Suitable quantities of the various nutrients were 
added to the dry soil which was spread out on oil 
cloth. Where nitrogen and phosphorus were added 
together, the portions were composited and added to 
the dry soil. Thorough pulverization by hand com- 
pleted the additions. 

a. Phosphorus Addition: In all cases KH,PO,4 was 
used as the phosphorus source. The additions were 
calculated on the basis of a P, (100 lbs of P.O; per 
acre) being equivalent to 80 mg of P.O; per 1600 gm 
of soil (Jenny et. al. 1950). In most eases 1750 or 
1950 gm of soil was used to fill the asphalt-coated pans. 
A P, application was used in all cases, 9.6 ml of 
M /2 KH.PO, being added to 1750 gm of soil and 11.0 
ml M/2 KH.PO, being added to 1950 gm of soil. 


b. Nitrogen Addition: NHsNO3 was used as the 
nitrogen source. As N, is equivalent to 80 mg of N 
per 1600 gm of soil, the portions used were as follows 
for an Nz application: 19 ml of M/2 NH,NOs was 
added to 1750 gm of soil, and 21 ml of M /2 NH,NO, 
was added to 1950 gm of soil. 

ce. Calcium and Magnesium Additions: Gypsum 
(CaSO,°2H.O) and lime (CaO) were used as the 
calcium sourees, while the magnesium source was 
MgS0O,°7H,0. Additions were made at the rate of 
2 tons per acre (3.2 gm per 1600 gm soil). Reagent 
chemicals were used: 3.5 gm added in the ease of 1750 
gm of soil, and 3.9 gm added in the case of 1950 gm 


of soil. 


CERTAIN AREAS IN CENTRAL CALIFORNIA 
WHERE EXAMPLES OF EDAPHIC 
RESTRICTION OCCUR 


The vegetational survey which follows is an at- 
tempt to describe some of the areas in California 
where examples of edaphic restriction occur. There 
are numerous localities which might have been in- 
cluded if completeness were sought. California, as is 
well-known, presents a wide range of habitats. It 
is not unexpected that it correspondingly possesses 
a great diversity of vegetation. The following de- 
scription reflects some of this remarkable diversity. 
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Menpocino County 
COASTAL PLATEAU 

An easily accessible transect of the coastal vegeta- 
tion of central Mendocino County would traverse 
the low pine growth of the coastal bluffs, then an 
area of pines of greater stature, and finally the red- 
wood forests, before encountering the stunted vege- 
tation of the coastal plateau. The distance covered in 
such a transect would be approximately 114 mi. if it 
were made south of Mendocino City in the area be- 
tween Big and Little Rivers. A similar coast-plateau 
transect might be made in many localities from Fort 
Bragg on the north to Albion on the south. The low 
pine growth of the coastal bluffs is predominantly 
Pinus contorta which occurs on the headlands facing 
the ocean as far south as Point Arena. The other 
pine of the immediate coastal areas is Pinus muricata 
which is distributed rather continuously on the 
ascending slopes along the coast of Mendocino and 
Sonoma Counties. On the hillsides facing the ocean 
and along the rivers, Sequoia sempervirens (Lamb.) 
Endl. becomes a conspicuous member of the vegeta- 
tion; but Abies grandis Lindl., Pseudotsuga taxifolia 
(Lamb.) Britt., and Tsuga heterophylla (Raf.) Sarg. 
are frequent. As the topography approaches 300 to 
500 ft in elevation, a plateau-like area extending east- 
ward for several miles is largely covered by a dwarfed 
type of vegetation composed principally of Pinus 
bolanderi and Cupressus pygmaea. (Fig. 1). 

The coastal plateau is not a continuous strip, but is 
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dissected by the chief rivers of the area—the Noyo, 
Jughandle, Caspar, Big, Little, Albion and Navarro 
Rivers (Fig. 2). A typical north-south transect of 
the coastal plateau would begin on the north at Big 
River and climb a very abrupt slope which is densely 
covered from near sea level to 500 ft with Sequoia, 
Pseudotsuga and Tsuga to the edge of the plateau. 
It would cross through an area varying in width from 
one-half mile to slightly more than a mile and cov- 
ered principally by Pinus bolanderi and Cupressus 
pygmaea. A sharp descent through an area largely 
composed of individuals of Sequoia and Pseudotsuga 
would lead to Little River. If the transect were made 
14, mi. east or west of the one indicated, an area con- 
taining principally P. muricata would be adjacent to 
the area containing P. bolanderi and C. pygmaea. 
Eastward from the area of the transect, the topog- 
raphy becomes much more dissected. The irregular 
coastal ranges, varying from 450 to 1000 ft in ele- 
vation, are the scene of much of the jumbering ae- 
tivity of Mendocino County. 

The delimitation of the pygmy forest (Fig. 1), 
containing chiefly individuals of Cupressus pygmaea 
and Pinus bolanderi, from the surrounding redwood 
forest is extremely sharp in some localities. How- 
ever, variation in the pattern is conspicuous. Areas 
containing principally P. muricata are often adjacent 
to the pygmy areas, separating them from the Se- 
quoia fringe. Clusters of individuals of P. muricata 
often appear as islands of higher growth within pre- 





Fig. 1. The vegetation of the Mendocino coastal plateau. Plants in foreground include Cupressus pyg- 
maea, Pinus bolanderi, Vaccinium ovatum, Gaultheria shallon and Rhododendron californicum. Pinus muri- 
cata and Sequoia sempervirens are in background. November 4, 1950. 
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Fic. 2. Darkened areas indicate the northern distri- 
bution of Cupressus pygmaea. Pinus bolanderi is re- 
stricted in its distribution to the darkened sections, al- 
though it is not as widely distributed in those areas as 
C. pygmaea, Outline of the California coast line indicates 
position of map (base maps are Vegetation-Soil Maps 
of California prepared by the California Forest and 
Range Experiment Station). 


dominantly pygmy forest areas. An intermingling 
of individuals of P. muricata, often quite reduced 
in height, with individuals of both P. bolanderi and 
C. pygmaea, is common. 

The height of the individuals in the pygmy area 
is fairly well correlated with the edaphic nature of 
the environment. The shallowest and most highly 
acid soils support the most dwarfed individuals. In 
the most stunted vegetation, a profusion of cane- 
like dwarfed individuals of P. bolanderi and C. pyg- 
maea varying from 6-8 ft in height occur on the ashy 
podsolie soil. Many examples of areas with pygmy 
trees might be cited, but an easily accessible area is 
to be found southwest of the Mendocino County Air- 
port between Little River and Albion River in an 
area west of the Albion-Comptche road (Fig. 3). 

Arctostaphylos nummularia Gray is a common 
shrub of the pygmy forests. Although not restricted 
to such areas, it occurs in great abundance on the 
coastal plateau of Mendocino County. Individuals of 
A. nummularia commonly form low mats on the shal- 
low podsolized soils. Larger shrubs are in the pygmy 
forests as well as in the open forests of Pinus muri- 
cata. Arctostaphylos nummularia along with two 
taxa, A myrtifolia and A. sensitiva Jeps., has been 
placed in the genus Schizococcus by Eastwood (1934). 
These three taxa differ from other members of the 
genus Arctostaphylos in having fruit which is de- 
hiscent. A. sensitiva occurs in the mountains of Marin 
and Santa Cruz Counties. A. myrtifolia is a nar- 


rowly restricted species of the Sierra Nevada foot- 
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Fic. 3. Cupressus pygmaea and Pinus bolanderi in this 


10 ft in height and had as 
April 4, 1952. 


area averaged from 8 to 
many as 122 growth rings. 


hills, where it occurs in Amador County on highly 
acid soils which were developed from previously 
leached marine sediments of the Ione Formation 
(Allen 1929). 

Many other ericaceous shrubs occur on the coastal 
plateau. None is completely restricted to the pygmy 
forest areas. Of these, Vaccinium ovatum Pursh and 
Gaultheria shallon Pursh are common in the Sequoia 
areas, as well as the pygmy forest. Ledum glandu- 
losum Nutt. grows in the boggy areas. Rhododendron 
californicum Hook. is very common in the areas where 
muricata occurs, but is also in the pygmy 
forests. Arctostaphylos columbiana Piper grows on 
the deeper soils of the area. Several non-ericaceous 
shrubs, Myrica californica Cham., Castanopsis chry- 
sophylla var. minor (Benth.) A. DC., Lithocarpus 
densiflorus var. echinoides (R. Br.) Abrams, Ceano- 
thus gloriosus var. exaltatus J. T. Howell have wide 
distributions in addition to being common on the 
coastal plateau. Myrica californica is frequently in 
moist habitats in the pygmy forests, but the other 
three non-ericaceous shrubs typically are on the 
deeper soils with Pinus muricata. 

Whipplea Torr., Gentiana oregana 
Engelm., Gentiana sceptrum Griseb., Castilleja affinis 
H. & A., Lilium maritimum Kell., Xerophyllum tenax 
(Pursh) Nutt., Habenaria Greene, Spi- 
ranthes romanzofiiana Cham. & Schl., Viola semper- 
virens Greene, Veratrum fimbriatum Gray and Agros- 
tis hallii Vasey are in the pygmy vegetation, but none 


Pinus 


modesta 


maritima 
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are restricted to these vegetational areas. Xerophyl- 
lum tenax is a common plant of the coastal plateau, 
where it usually blooms following burning. Gentiana 
oregana and Whipplea modesta are on the drier sites, 
while G. sceptrum is in moist sites. Veratrum fim- 
briatum, in its restriction to the coast of central 
Mendocino County, is found along rivulets on the 
headlands facing the ocean, along the main rivers 
of the area, as well as along drainage ways and boggy 
habitats on the coastal plateau. Castilleja affinis, 
Lilium maritimum, Habenaria maritima, Spiranthes 
romanzofiana often project through the shrubby mat 
of Arctostaphylos nummularia. Viola sempervirens 
blooms practically the entire year throughout the 
pygmy forests. There is a conspicuous lack of annual 
plants, but two, Aira praecor L. and Navarretia 
squarrosa (Esch.) H. & A., which are weedy in habit, 
are in disturbed places. 

A sphagnum bog which occurs on the coastal pla- 
teau east of Fort Bragg has been described by Rigg 
(1933). While this bog is one of the largest on the 
coastal plateau, there are many other sphagnum 
bogs through the pygmy forests. Often the dwarfed 
individuals of Cupressus pygmaea and Pinus bolan- 
deri are surrounded by mats of sphagnum in these 
smaller bogs. Hypericum anagalloides Cham. & Schl., 
Drosera rotundifolia L., Veratrum fimbriatum, and 
Helenium bolanderi Gray are common in these boggy 
habitats. 

The highly acid soil (FB-1, ME-11, ME-13) on 
which the pygmy forest occurs (Table 2) represents 
a ground water podsol and is characterized by an or- 
ganic accumulation of variable thickness (A, horizon) 
at the surface, a zone of ashy material (A, horizon) 
which is heavily leached and varies from several 
inches to 1 ft in depth, and an ortstein separating a 
slight organic layer from the parent material (Fig. 


>>» <4 “tia <p PF we 

Fic. 4. Profile of podsolized soil on the coastal pla- 
teau. Roots are largely confined to the shallow ashy 
layer. Ortstein layer is directly below upper light area. 
Pit was dug in an area east of the town of Noyo, Men- 
docino County. Photo by J. Rattenbury. October 2, 1949. 
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4). Seldom do roots penetrate the ortstein layer, but 
they often extend for great distances parallel to the 
surface just above the ortstein. The soil of the 
areas has been known previously under the name, 
Blacklock, a designation which relates it to the Black- 
lock series of the Oregon coast in the vicinity of 
Bandon, Oregon. The Noyo soils, which are usually 
2-3 ft in depth and slightly less acid than the Black- 
lock soils, are the ones on which Pinus muricata typi- 
cally occurs. The provisional names of Fort Bragg 
(to replace Blacklock) and Noyo are used on the 
Vegetation-Soil Maps prepared by the California 
Forest and Range Experiment Station. Both the Fort 
Bragg and Noyo soils are derived from sedimentary 
rocks which compose the coastal plateau. 
ANCHOR BAY 

The restriction of two populations of Cupressus 
pygmaea near Anchor Bay in southern Mendocino 
County is to a slightly different site from that of the 
pygmy forests of central Mendocino County. At 
Anchor Bay, the eypresses occur at approximately 
500 ft elevation on ocean-facing slopes about 1 mi. 
from the ocean at Roseman and Slick Rock Creeks. 
The total area of the Roseman Creek population 
(Fig. 5) is possibly less than 1 sq mi. The more 
northern population at Slick Rock Creek occupies 
slightly more area. There is a possibility of other 
populations of C. pygmaea occurring between the 
Navarro River and the Anchor Bay populations, but 
an intensive survey of the vegetation of Mendocino 
County by the California Forest and Range Experi- 
ment Station has not revealed them. 

Individuals of Pinus occur with both 
populations of cypress, but P. bolanderi, which was 
frequent on the coastal plateau with Cupressus pyg- 
maea to the north, does not occur south of the Na- 
yvarro River. Arctostaphylos nummularia oceurs with 
C. pygmaea at these southern localities, but in addi- 
tion occurs on many intervening sites between the 
Navarro River and the Anchor Bay localities, e.g., 
the extensive sandy areas behind the town of Point 
Arena are largely covered by P. and A. 
nummularia. Other common shrubs with the Anchor 
Bay populations of C. pygmaea include Vaccinium 
ovatum, Ceanothus 


muricata 


muricata 


var. exaltatus, and 
Castanopsis chrysophylla var. minor. Some individ- 
uals of Rhododendron californicum oceur in the area, 
but they are not of common occurrence. Arctostaphy- 
los glandulosa Eastw., Gaultheria shallon, and Ce- 
anothus foliosus 


gloriosus 


Since the 
providing better drainage than the 
coastal plateau, many of the plants in the 
sites with the northern populations of Cupressus 
pygmaea are absent from the Anchor Bay localities. 
Xerophyllum tenax is present, as are 


arry are other shrubs. 
area is sloping, 
wetter 


Viola semper- 
virens, Helianthemum scoparium Nutt. and Whipplea 
modesta. 

The soil (AB-5) at the two Anchor Bay localities is 
a yellowish sand overlying the bedrock which is ex- 
posed in many places. In some places, rounded 





Fig. 5. 
near Anchor Bay. April 4, 1952. 


boulders appear on the surface. The soil seldom ex- 
ceeds 1 ft in depth and is highly acid in nature 
(Table 2). The soil series is derived from a coarse 
sandstone parent material and has provisionally been 
named Anchor Bay in the Vegetation-Soil Maps pre- 
pared by the California Forest and Range Experi- 
ment Station. 
Santa Cruz MountTvAINS 

The diversified topography and the mosaic of types 
of parent material in the Santa Cruz Mountains 
of Santa Cruz County have resulted in an edaph- 
ically varied region. Shale barrens are a noticeable 
feature, as are extensive sand deposits. It is within 
this diversified region that at least three populations 
of Cupressus abramsiana Wolf oceur. The distribu- 
tion of the three populations with a consideration of 
their restriction has been reported (MeMillan 1952). 

The southernmost population is on the shallow 
sandy soils (BD-10) near the town of Bonny Doon. 
At this site, the cypress grows with Pinus attenuata 
and P. ponderosa. Throughout much of the area 
(possibly 1 sq. mi.) Cupressus abramsiana and Pinus 
attenuata occur as dwarfed individuals. On the 
fringes, where the sandy soils are deeper, larger in- 
dividuals of both species occur with P. ponderosa. 
Pinus attenuata oceurs at many sites in the Santa 
Cruz Mountains where there are no cypresses, and is 
common on the shale barrens. Individuals of Pinus 
ponderosa are restricted to sandy soils in the Santa 
Cruz Mountains near Ben Lomond and Bonny Doon. 
Arctostaphylos sensitiva is a common shrub on the 
shallow sandy soils with the Bonny Doon cypress 


population. Arctostaphylos silvicola Jeps. & Wies., 
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The southernmost of the Cupressus pygmaea 
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populations is restricted to this sandstone outcropping 


a narrowly restricted species of the Santa Cruz 
Mountains, occurs on the deeper sandy soils. Other 
shrubs of common occurrence are Castanopsis chryso- 
phylla var. minor and Adenostoma fasciculatum. Na- 
varretia atractyloides (Benth.) H. & A. fre- 
quently observed annual on the sandy soils. 

The population of Cupressus abramsiana at Eagle 
Rock is located about seven miles north of the Bonny 
Doon population. The population is small and largely 
restricted to a slope on which Adenostoma fascicula- 
tum, Ceanothus cuneatus (Hook.) Nutt., Photinia 
arbutifolia (Ait.) Lindl., and Pickeringia montana 
Nutt. are common shrubs. Pinus attenuata at this 
site occurs principally along the crest of the sandy 
ridge (ER-51) above the area where Cupressus oceurs. 

In the Butano Ridge population of Cupressus 
abramsiana (Fig. 6), no individuals of Pinus attenu- 
ata grow with Cupressus. This location is approxi- 
mately eight miles north of the Eagle Rock site, and 
the intervening area is characterized by many popula- 
tions of Pinus attenuata. Common shrubs at. the 
Butano Ridge site are Adenostoma fasciculatum and 
Ceanothus cuneatus. Navarretia mellita Greene is 
a common annual. The soils (BR-50) on which the 
Butano Ridge ecypresses are restricted is extremely 
shallow, and the sandstone bedrock is exposed in 


is a 


many places. 
THE MONTEREY PENINSULA 
The population of Cupressus goveniana at Huckle- 
berry Hill between the towns of Pacifie Grove and 
Carmel in Monterey County occurs with Pinus muri- 
cata and P. radiata Don. P. radiata is the common 
pine of the Monterey Peninsula and surrounding 
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Fic, 6. Exposed sandstone in the population of Cupressus abramsiana at Butano Ridge. Adenostema fasci- 
culatum and C. abramsiana are in foreground; Sequoia sempervirens and Pseudotsuga tazifolia in back- 
ground. Sept. 1, 1951. 


area. P. muricata, which is disjunctly distributed 
along the California mainland as far south as Santa 
Barbara County, occurs here as a small disjunct 
population. P. muricata and C. goveniana form an 
almost impenetrable thicket. The cane-like growth 
of each species is similar to that produced in many 
parts of the coastal plateau of Mendocino County by 
C. pygmaea and P. bolanderi. The extent of the co- 
incidental distribution of C. goveniana and P. muri- 
cata is possibly less than 1 sq. mi. A few Cupressus 
plants and oceasional individuals of P. muricata oc- 
cur with those of P. radiata at the periphery of the 
main cypress population. Vaccinium ovatum and 
Gaultheria shallon are common throughout the area. 
Arctostaphylos hookeri Don, A. tomentosa (Pursh) 
Lindl., Myrica californica and Castanopsis chryso- 
phylla var. minor are frequent shrubs with the cy- 
press population. Of these shrubs, A. 
narrowly restricted species, being largely confined to 
sandy soils in the vicinity of the Monterey Penin- 
sula. There appears to be a close relationship of A. 
hookeri with the plant of serpentine soils south of 
San Francisco, A. franciscana Eastw., which is some- 
times taxonomically included in A. hookeri (MeMinn 
1939). Rhododendron californicum and Xerophyllum 
tenax, both of which are common on the coastal pla- 
teau of Mendocino County, as well as certain inter- 
vening sites between Mendocino and Monterey Coun- 
ties, reach their southernmost distribution at Huckle- 
berry Hill. 

The soil (HH-2) at the Huckleberry Hill site is 
sandy and might be classed as a podsolized soil. It 
is not as well developed as the podsols of the Mendo- 


hookeri is a 


cino County coast. The soil is shallow and acid in 
nature although not as extreme in either regard as 
those podsolized soils of Mendocino County (Table 
2). 

A population of Cupressus goveniana between San 
Jose Creek and Gibson Creek is situated on a ridge 
inland about one and one-half miles from Point 
Lobos in Monterey County. Many dwarfed cypresses 
occur on the exposed ridge facing the ocean. In addi- 
tion, larger cypresses occur in the deeper soils with 
individuals of Pinus radiata. Wolf (Wolf & Wagener 
1948) reports individuals of P. muricata at this site, 
but none was noted when the cypress population was 
visited for the collection of soil (PL-7) and seed 
samples. Adenostoma fasciculatum is a common shrub 
of the sandy ridge, as are Vaccinium ovatum, Arcto- 
staphylos hookeri, and A. tomentosa. Two species of 
Navarretia, N. 
found in the disturbed sites of both the San Jose and 
the Huckleberry Hill populations. The yellowish 
sandy soil on which the San Jose Creek cypress popu- 
lation oceurs is very shallow and derived from grano- 


squarrosa and N. atractyloides, were 


diorites which are exposed in several places (Table 
2). 

Cupressus macrocarpa Hartw. is another species of 
cypress restricted in its distribution in the vicinity 
of the Monterey Peninsula. One population is found 
at Point Cypress on the Peninsula, and one popula- 
tion is found further south at Point Lobos. These 
populations are well-known, and many descriptions 
of the area have been published. Being largely re- 
stricted to the immediate ocean front, the groves of 
cypress grow picturesquely among the rocky crags; 
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however, some cypresses do occur in a coastal fringe 
with Pinus radiata. Weathered grano-diorites have 
produced the coarse sandy soil upon which the ey- 
presses occur. 

SERPENTINE AREAS 

Extensive serpentine areas in the Inner North 
Coast Ranges provide sites for observation of the 
vegetation of these soils. Characteristically through- 
out Napa and Lake Counties, Quercus durata is a 
shrub of serpentine soils, although occasionally oc- 
curring on other soils. Closely related Q. dumosa 
Nutt. oceurs on non-serpentine soils. Pinus sabiniana 
Dougl. is the pine species most typical of serpentine 
areas. Disjunct populations of P. attenuata are com- 
mon on serpentine soils. In many regions both spe- 
cies of pine appear to be rather indiscriminately dis- 
tributed over soils of both a serpentine and a non- 
serpentine status. Adenostoma fasciculatum, Pho- 
tinia arbutifolia, Umbellularia californica and Rham- 
nus californica are shrubs that grow on serpentine 
slopes but also oceur on soils of a non-serpentine 
nature. Umbellularia californica has numerous mor- 
phological variants in its distribution (Jepson 1910), 
one of which is a characteristic streamside tree in the 
San Francisco Bay area. Ceanothus jepsoni Greene 
and Garrya congdoni Eastw. are largely if not en- 
tirely restricted to serpentine soils throughout their 
distribution. 

Cupressus sargentii is generally on soils derived 
from serpentine parent material (BJ-9, RM-54). In 
Napa and Lake counties, it commonly oceurs along 
streamsides and on north-facing slopes, as is exem- 
plified by an area between Middletown and Pope 
Valley in Lake County. East of Bartlett Springs in 
Lake County, as on several other serpentine sites in 
the North Coast Ranges, C. sargentii oceurs sym- 
patrically with C. macnabiana, a species which is dis- 
junctly distributed on serpentine soils at many lo- 
calities. At the Indian Valley site east of Bartlett 
Springs, C. sargentii is characteristically along the 
creek bottom, while C. macnabiana occurs on the more 
exposed hillsides. Individuals of both species, how- 
ever, are at this site; and in certain areas which have 
been recently burned, young individuals of both spe- 
cies appear to be distributed at random. 

Serpentine outcroppings are of limited extent in 
Marin and Alameda Counties, but populations of 
Cupressus sargentii occur on serpentine areas on 
Mount Tamalpais in Marin County and on Cedar 
Mountain in Alameda County. Whereas some of the 
characteristic plants of the serpentine soils of the 
counties north of the San Francisco Bay oceur in 
these areas with the cypress, many other species in 
addition are at these sites. Of the species which oceur 
on serpentine soils of Napa and Lake counties, Quer- 
cus durata and Ceanothus jepsoni are two species 
which occur with the Bootjack population of Cupres- 
sus sargentii on Mount Tamalpais. Arctostaphylos 
montana EKastw., which is largely confined to the ser- 
pentine soils of Mount Tamalpais, occurs at the Boot- 
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jack locality. Arctostaphylos montana is thought to 
be closely related to A. pungens HBK, a widely dis- 
tributed species, and is often taxonomically included 
in that taxon. 

At the Alameda County site where Cupressus sar- 
gentii occurs on Cedar Mountain (Fig. 7), Pinus sa- 
biniana is common on the serpentine soils. Quercus 
durata is a conspicuous shrub of the Cedar Mountain 
serpentine outcrop, as is Ceanothus cuneatus. Arcto- 
staphylos glauca Lindl. which occurs in the Inner 
South Coast Ranges and in the mountains of south- 
ern California, where it is largely found on non- 
serpentine sites, reaches one of the northern points of 
its distribution on the serpentine soils of Cedar 
Mountain. 


Fig. 7. Cupressus sargentii on Cedar Mountain in 
Alameda County is restricted to a serpentine area at 
the northern end of the Mount Hamilton Range. June 
16, 1950. 


In the Sierra Nevada foothills, widely disjunct pop- 
ulations of Cupressus macnabiana oceur on serpen- 
tine soils at some localities, but on granitic soils at 
other localities. The cypresses which occur between 
Grass Valley and Nevada City are on serpentine 
soils. The common shrub of the serpentine soils in 
that area is Quercus durata. Pinus sabiniana, which 
is frequent in the Sierra Nevada foothills, is also 
found on the serpentine soils at this locality. Further 
examples of distributions on serpentine soils might 
be cited, such as the disjunct Cupressus areas in the 
Santa Lucia Mountains (Fig. 8). 
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View from a non-serpentine slope toward a 
serpentine area on which a Cupressus sargentii popu- 


Fig. 8. 


lation is restricted near the Los Burros Mine in the 
Santa Lucia Mountains of Monterey County. The other 
trees of the serpentine area are Pinus sabiniana and 
Pinus ponderosa. June 11, 1950, 


The moderately weathered serpentine soils of cen- 
tral California are characteristically shallow, often 
being less than 1 ft in depth. The analyses of sev- 
eral serpentine soils on which Cupressus sargentii 
and C. macnabiana populations oecur are included 
in Table 2. 


GERMINATION STUDIES AND TOLERANCE 
TESTING 
The experimental selection involving an individual- 
environment interplay was begun with seed germina- 
tion. Usually, the resultant seedlings were utilized 
in further selection studies for the determination of 
tolerance to a series of habitats. The results will be 
discussed systematically within the genus beginning 
with Cupressus. 
CUPRESSUS 
Various strains of Cupressus and the soils from the 
various localities where populations of Cupressus are 
restricted were used in a reciprocal planting. The 
ability to germinate and survive on six soils, including 
the serpentine soil, was demonstrated for six strains 
of cypress. Table 4 summarizes the results of germi- 
nation of the strains of Cupressus. The noticeably 
lower germination of C. sargentii was found to be 
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typical of the species, owing to a possible dormancy 
factor in the seed. Consistently higher rates of ger- 
mination were shown by both the Mendocino strain 
of C. pygmaea and the Huckleberry Hill strain of 
C. goveniana. The survival study of Cupressus strains 
(Figs. 9 and 10) was continued for a period of ap- 
proximately two years. A second planting of the six 
strains of Cupressus in small pots, using the same 
six soils, gave a similar germination response. Seed- 
lings from the second planting were used in subse- 
quent tolerance testing. 


4. Pereentage of Germination of Various 


Strains of Cupressus.* 


TABLE 





SoILs 
Collection Designation Sheri- 
HH-2. FB-1 | dant | AB-5 | BJ-9t BD-10 
C. sargentii-BJ-39 2 2 3 0 1 5 
C. abramsiana-BD-40 7 14 10 15 19 17 
C. pygmaea-ME-1 49 38 26 36 49 51 
C. pygmaea-AB-17 23 41 9 39 37 4() 
C. goveniana-HH-29 53 43 52 53 48 48 
C. goveniana-PL-37 22 23 iB 22 24 14 
*Based on 100 seeds planted per strain on each soil, Feb. 17, 1950. (sermina- 


tion recorded, Aug. 16, 1950. 
tSheridan prairie scil, San Mateo Co. 
{Serpentine soil. 


] os 


s 





Fic. 9. Survival of Cupressus on different soil types. 
A, C: C. pygmaea (Cupy-ME-1). B, D: C. goveniana 
(Cugo-HH-29). On August 16, 1950. Bootjack is a ser- 
pentine soil, Sheridan is the control soil. The other soils 
are acid. 


For comparison with Cupressus, marglobe tomato 
The 
tomato seedlings were thinned to four plants per soil 
tvpe following germination. While the rate of ger- 
mination of the seeds of tomato was high under all 
conditions, no plants were surviving on the serpentine 
soil a month following germination. Results from a 
second planting of tomato seeds on the serpentine 
soil duplicated those from the first series in demon- 
strating the failure of survival of the seedlings on 
serpentine soils. An additional planting of seeds of 


seeds were germinated in the series of soils. 
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Fig. 10. 
i, G: C. goveniana (Cugo-PL-37). 


5 F, H: C. abramsiana 
(Cuab-BD-40). August 16, 1950. 








Fic. 11. Growth of marglobe tomatoes. Seeds were 
planted on February 17, 1950, and later thinned to four 
seedlings per pan. There was no survival on Bootjack 
serpentine soil. April 13, 1950. 


tomato on the highly acid soil from the Sierra Ne- 
vada foothills at Ione (IO-3) failed to develop be- 
yond the expansion of the cotyledons; but the seed- 
lings continued to survive in this condition, in contrast 
to the response on serpentine soil (Fig. 11). 

The edaphic tolerances, as well as a consideration of 


morphological characteristics and taxonomic posi- 


TABLE 5. 


Survival of Cupressus on different soil types. 








tion, will be discussed for each taxon. The most re- 
cent investigation of the taxonomy and distribution 
of the genus Cupressus by C. B. Wolf has been in- 
corporated into a publication, The New World Cy- 
presses (Wolf & Wagener 1948). The nomenclature 
for Cupressus follows that of Wolf. 

Cupressus pygmaea 

Contrary to the implication of the specific name, 
few of the cypresses rival C. pygmaea in height when 
it is grown under favorable conditions. Although oe- 
curring commonly as a stunted cane-like dwarf, a 
tree of much greater stature grows on the fringes 
of the pygmy forests in soils of deeper profile. Meas- 
urements of cypresses which were growing east of 
Fort Bragg indicate that many trees varying in height 
from 80 to 100 ft were present in the area prior 
to logging (Mathews 1929). 

Two strains of C. pygmaea were grown in the 
large soil bins. One strain was from the coastal pla- 
teau between Big and Little Rivers. The other strain 
represented the southernmost of the two populations 
near Anchor Bay. Owing to the isolation and small 
size of the populations, a difference might be expected 
between the Anchor Bay strain and the more northern 
populations of the Mendocino strain. Such a diver- 
gence in morphological features is evidenced by the 
seed characteristics. Those of the Anchor Bay strain 
are a brownish black, and those of the Mendocino 
strain are a shiny jet black. The habit of growth of 
the Mendocino strain is broad and widely branched 
with a long whip-like leader, while the Anchor Bay 
strain contains much narrower trees. In the present 
study, the habit of growth of the one and two-year- 
old seedlings was an obvious morphological difference 
between the two strains. 

The restriction of the Mendocino strain to a sandy 
podsolized soil and of the Anchor Bay strain to a 
shallow sandy soil might be due to different condi- 
tions, but a similarity of soil tolerance would be ex- 
pected since both are confined to highly acid soils. 
It was not anticipated, therefore, that a difference in 
response to serpentine soils would be demonstrated by 
individuals of these two strains. The Mendocino 
strain (Cupy-ME-1), proved to be one of the most 
vigorous strains on a non-serpentine control soil and 
one of the least vigorous on a serpentine soil. In con- 
trast, the strain from Anchor Bay (Cupy-AB-17) 
grew approximately equally well on the serpentine 


Comparison of Responses of Cupressus to Three Soils.* 





C. Pygmaea 





Cugo- -HH-29 





Cupy- -ME- 1 Cupy- AB-17 
Sci Avg. | Avg. | Avg. | Avg. | Avg. 
Hgt. | W et. Hgt. | Wet. | Het. 
Aid (ME-13 5.6 0.4 5.3 0.3 6.0 
Serpentine (SK-43) 42.2 12.0 3.8 25.7 50.2 


Control (KO-42) 82.0 | 35.0 58.5 | 28.5 | 81.3 


C. goveniana C. sargentii C. abramsiana 


Cugo-PL-37 Cusa-B. J- 39 Cuab-BD-40 
Avg. Avg. Avg. Avg. Avg. Avg. Avg. 
Wet. Hgt. | Wet. H gt. W; at. Het. | Wet. 











0.2 7.5 0.3 4.3 0.2 4.8 0.4 
13.7 | 44.0 13.2 | 42.0 15.0 | 41.7 | 14.8 
34.7 | 65.3 | 29.4 | 35.0 6.8 | 60.7 | 30.2 








*Six seedlings of each strain imaieetad to each of the three soils, except C. sargentii with three individuals only on the acid and ga soils and with two on 
Transplants to the outdoor soil bins on May 24, 1950 and final measurements (Hgt., ems.; Dry wgt., gms.) on Jan. 27, 1952. 


the control soil. 
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Fig. 12. Responses of various strains of Cupressus and Pinus bolanderi to a serpentine soil (top),a con- 
trol soil (middle) and an acid soil (bottom). Photographs not on exact scale. April 26, 1951. 


soil and the non-serpentine control soil. Figure 12Mendocino coastal plateau. A comparison of average 
shows the responses of the two strains to serpentineheight and dry weight measurements of the two 
and control soils, in addition to the much reducedstrains included in Table 5 show that the average 
response of both strains to an acid soil from thedry weight of the Mendocino strain on the control soil 
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was nearly three times that on the serpentine soil. 
The average dry weight measurements of the Anchor 
Bay strain were approximately equal on the two soils. 
The weights were slightly greater on the contro] soil. 

The serpentine tolerance of the Anchor Bay strain 
is similar to that reported by Kruckeberg (1951) for 
certain strains of Achillea borealis. The behavior in 
showing a tolerance for serpentine although not oc- 
eurring on that soil is especially similar to that shown 
by a strain from Point Richmond. The adaptation of 
certain strains for growth on serpentine soil does sug- 
gest that the physiological modifications required for 
the growth of plants from acid soils under serpen- 
tine conditions might not be very great. This adapta- 
tion of the Anchor Bay strain to serpentine soil may 
be due to the presence of genes from C. sargentii. 

The precocious production of male cones on both 
the serpentine soil and the control soil by one-year- 
old seedlings of the Anchor Bay strain was not dupli- 
cated by the Mendocino strain. Although most spe- 
ciés of Cupressus are known to produce cones pre- 
cociously, in this experimental study it was common 
only in one other strain. 

To test further the difference of response of the 
two strains of Cupressus pygmaea, they were grown 
on altered and unaltered serpentine soil under green- 
house conditions. Both strains grew slightly on the 
unaltered serpentine soil (BJ-9); but upon the addi- 
tion of nitrogen and phosphorus to the soil, the An- 
chor Bay strain exceeded the Mendocino strain in 
growth, duplicating the differences which were shown 
in the large outdoor soil bins. Although both strains 
are able to grow in a soil with a low amount of ex- 
changeable calcium, presumably the differential accu- 
mulation of calcium or some other ion results in the 
better growth of the Anchor Bay strain. 

Cupressus goveniana 

The two populations of Cupressus goveniana are 
geographically separated by approximately 6 mi. The 
northern strain at Huckleberry Hill (Cugo-HH-29) 
is restricted to a shallow, podsolized soil. The south- 
ern strain at Point Lobos (Cugo-PL-37) grows east 
of Point Lobos along San Jose Creek on a sandy 
slope about 14% mi. east of the ocean. The Point 
Lobos population is the smaller, and seemingly might 
have genetically diverged from the other population. 
Both strains, however, are morphologically similar, 
and the only easily recognizable difference is one of 
seed color. Trees at the Huckleberry Hill area regu- 
larly produce two kinds of seeds, about half the trees 
producing black seed and the other half yielding 
brown seed. Those at the San Jose Creek area pro- 
duce only brown seed. 

Since the soils at Huckleberry Hill and San Jose 
Creek differ from each other to no greater degree 
than those at the localities where the two strains of 
C. pygmaea are restricted, a difference of edaphic 
tolerance as was found in C. pygmaea might be ex- 
pected to characterize the strains of C. goveniana. 
When the strains were grown in the same series of 
soils in outdoor bins, however, no differences such as 
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those characterizing the strains of C. pygmaea were 
demonstrated. The individuals of both strains showed 
the greater response to the control soil than to the 
serpentine soil, resembling the response of the Men- 
docino strain of C. pygmaea. A comparison of the 
two strains is illustrated in Fig. 12. The height and 
dry weight measurements indicate that the Huckle- 
berry Hill strain was the more vigorous on both the 
serpentine and control soils, while the Point Lobos 
strain showed slightly better growth on the acid soil 
(Table 5). In its precocity, the Huckleberry Hill 
strain resembled the Anchor Bay strain of C. pyg- 
maea, producing male cones during the second year 
of growth on the serpentine and the control scils, 
Cupressus sargentii 

The dusty-green foliage and glaucous seeds of (C. 
sargentii readily distinguish this taxon from C. pyg- 
maea and C. goveniana. Of the three species, (. sar- 
gentii has the most northerly distribution, being 
represented by one population on Red Mountain in 
northern Mendocino County. It occurs south of the 
distribution of C. pygmaea on serpentine outcrop- 
pings at Occidental and Camp Meeker in Sonoma 
County, on Mount Tamalpais in Marin County and 
on Cedar Mountain in Alameda County. Recurring 
southward, in Monterey, San Luis Obispo and Santa 
Barbara Counties, it is confined to four known popu- 
lations, all of which oceur south of the area to which 
C. goveniana is restricted. With such a widely dis- 
junct distribution, the numerous isolated populations 
might be expected to express a great range of varia- 
tion. Wolf (in Wolf & Wagener 1948) points out 
certain discernible morphological variations but in 
most of the foliage, cone and seed characteristics the 
populations are segments of a fairly well-defined 
taxon. The restriction largely to one edaphic habitat 
might be used in further substantiation of the close 
resemblance between different populations of C. sar- 
gentii. 

Since C. sargentii occurs largely in areas where the 
soils are derived from serpentine rock, a lack of tol- 
erance for other soils might be considered as a pos- 
sible factor leading to its restriction. It has been 
demonstrated, however, that serpentine-restricted spe- 
cies grow better under experimental conditions on a 
non-serpentine control soil than on a serpentine soil, 
and it was not expected that the reverse response 
would be shown by the Bootjack strain of C. sar- 
gentii. In Table 5, the greater growth shown by in- 
dividuals of C. sargentii on the serpentine soil is con- 
trasted with the response of C. abramsiana, which re- 
sponded in a manner similar to C. goveniana. The 
comparative response of individuals of C. sargentii 
from the three soil bins is shown in Fig. 13. 

Three additional plantings of C. sargentii on a 
serpentine and a non-serpentine control soil were 
made to determine if the responses of the initial 
transplant experiment could be duplicated by other 
strains. In Table 6 measurements of the three strains 
are given. Individuals representing the Bootjack 
strain grew approximately equally on the two soils. 
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Fig. 13. Response of the Bootjack strain of Cupressus 
sargentii to three soils. From left to right are indi- 
viduals representing the average growth for the strain 
on the acid soil (ME-13), the control soil (KO-42) and 
the serpentine soil (SK-43) after their removal from 
the bins shown in Fig. 12. January 31, 1952. 


The recorded growth increments for the Cedar Moun- 
tain strain are slightly greater on the serpentine soil, 
while the average height measurements of the Ken- 
wood Springs strain was greater on the control soil. 


Cupressus abramsiana 


The taxonomic position of C. abramsiana, to which 
two previously known populations and a third re- 


TABLE 6. Responses of Three Strains of Cupressus 


sargentii.* 














Cusa- -BJ-39 | vovusaten 53 | Cusa-KS-62 
Soil | Avg. | Total | Avg. | Total Avg. | Total 
| Hgt. | Wet. | Het. | hones Hgt. | Wet. 
Serpentine | | | | 
(SK-43) 19.1 | 30.7 | 23.5 | 28.3 | 20.8 | 12.7 
Control 
(KO-42).....| 20.7 | 29.0 | 19.7 | 24.8 | 26.7 | 22.7 


5 *Three individuals of the Kenwood Springs strain were grown on each soil. 
ix individuals of the other two strains were transplanted to the outdoor soil bins 
on May 24, 1951. Final measurements (Hgt., ems.; Dry Wgt., gms.) were re- 
corded on April 17, 1952. 
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ported population were assigned by Wolf, is inter- 

mediate in some characteristics to those of C. goveni- 

ana and C. sargentii. Wolf pointed out that C. 

abramsiana did not have the dusty-green foliage of 

C. sargentii, but did have the glaucous seeds of that 

A closer relationship seemed to be with C. 
goveniana, which it resembled in having light green 
foliage. Wolf admitted that no outstanding characters 
separated C. abramsiana from the other two species, 
but decided that if C. sargentii and C. goveniana were 
to be maintained as distinct, the intermediate should 
be treated as a coordinate species. 

The three populations of C. abramsiana, as has been 
pointed out earlier in the discussion of areas where 
edaphie restriction occurs, are confined to the Santa 
Cruz Mountains at Bonny Doon, Eagle Rock and 
Butano Ridge. In the three populations (McMillan 
1952) a range of variation of cone size, seed size and 
foliage was present from one population to another. 

Of the three strains, the Bonny Doon (Cuab-BD- 
40) was utilized in the tolerance testing on the series 
of outdoor soil bins. The rate of germination of the 
Eagle Rock strain (Cuab-ER-41) was exceedingly low 
and provided insufficient seedlings for including in 
the tolerance testing. The locality on Butano Ridge was 
not 7. located and visited until late in the 
study. It was, therefore, not included, except for a 
germination comparison. A comparison of germina- 
tion behavior and variation in seedlings was reported 
by MeMillan (1953). The germination rate of the 
Butano Ridge population averaged 92.5%, the Bonny 
Doon population, 56.5%, and the Eagle Rock popu- 
lation, 12.5%. It is pertinent to compare the germi- 
nation rates of these three populations with those of 
C. goveniana and C. sargentii. Owing to a dormancy 
factor, C. sargentii has a very low rate of germina- 
tion, usually 2-5%. The germination rate of C. goveni- 
ana is higher, being about 50% for the Huckleberry 
Hill population. 

After continued growth on the serpentine soil, to 
which all three strains showed a tolerance, the seed- 
lings representing the three populations could be 
readily separated on the basis of glaucousness. All 
of the seedlings of the Butano Ridge population were 
densely gray glaucous. The Bonny Doon seedlings 
were variable in degree of glaucousness, many being 
slightly glaucous and none being as glaucous as those 
of the Butano Ridge strain. The Eagle Rock seed- 
lings were glaucous, but to a lesser degree than those 

of Butano Ridge. 

In its response to the outdoor soil bins, as shown in 
Fig. 12, the Bonny Doon strain of C. abramsiana re- 
sembles C. goveniana. It had better growth on the 
control soil than on the serpentine soil and much re- 
duced growth on the acid soil. While the restriction 
of the three populations of C. abramsiana is to sandy 
soils, it is possible that different physiological re- 
sponses characterize each population. 


species. 


Cupressus macrocarpa 
Taxonomically, C. macrocarpa has been regarded 
as a distinet species by most workers since it was first 
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TABLE 7. Comparison of Responses of Cupressus to Two Soils.* 





| ; 
| C. sempervirens 











| 
| C. macnabiana C. macrocarpa | C. bakeri 
| ——s 
| Cume-WT-83 | Cumce-IV-87 Cumce-DO-96 | Cuma-PL-43 | Cuba-BS-86 | Cush-TU-116 
Avg. | Avg. | Avg. | Avg. | Avg. | Avg. | Avg. | Total | Avg. | Total | Avg. | Total 
Het. | Wet. | Het. | Wet. | Het. | Wet. | Het. | Wet. | Het. | Wet. | Het. | Wet. 
Serpentine (SK-43)....| 15.2 | 4.2 | 16.3 | 2.9 | 18.9 | 4.7 | 20.1 | 24.1 831216 | 23 1.4 
Control (KO-42)...... | 13.8 | 2.8:17°32:5 2.3f| 23.5 | 2.6 | 33.5 | 67.7 7.9 9.0 | 9.6 | 4.9 
| | | | 


| | 








*Six seedlings of each strain, except Cumc-DO-96, were transplanted to each outdoor soil bin on June 11, 1951. Avg. measurements for Cumc-DO-96 is for two of 
t he three individuals used for this strain. Measurements (Hgt., cms.; Dry Wgt., gms.) recorded on April 17, 1952. 


{Three individuals survived of the six transplanted. 


given that status by Hartweg. The unique restriction 
of C. macrocarpa to two populations at the sides of 
Carmel Bay in Monterey County, in addition to the 
large cones which are characteristic of the two popu- 
lations, has been conducive to its retention as distinct 
in the genus. 

Although individuals representing the taxon were 
not included in the original phase of tolerance test- 
ing, seedlings germinated from seed collected at the 
Point Lobos population were transplanted to outdoor 
soil bins during the spring of 1951. After 10 months 
of growth on a serpentine and a control soil, it was 
apparent from the measurements (Table 7) that the 
individuals of the species responded similarly to those 
of C. goveniana. Considerably better growth was 
exhibited on the control soil by C. macrocarpa in com- 
parison to that of the C. sargentii strains, which grew 
approximately equally on the serpentine and the 
control soil under the same conditions. When a com- 
parison of growth was made during the winter months, 
it was found that the foliage of individuals of C. 
macrocarpa on the serpentine soil were slightly 
glaucous. Those on the control soil were bright green. 
At the same time, seedlings of the Bootjack strain 
of C. sargentii were compared and found to be 
equally glaucous on both soil types. 


Cupressus macnabiana 

The disjunct distribution of C. macnabiana includes 
several populations in the Sierra Nevada foothills 
from Fiddletown, Amador County on the south to 
Magalia, Butte County on the north. Several of 
these highly disjunct populations are confined to ser- 
pertine soils, those at Magalia, Fiddletown and 
Grass Valley, Nevada County in serpentine areas, 
those near Dobbins at Texas Hill and Indiana Creek 
in Yuba County on soil derived from a granitic 
parent material. A population located 0.2 mi. east 
-of the old town of Whiskeytown (now Schilling) in 
Shasta County oceurs on whitish alluvial material 
which represents a highly acid soil in base status 
resembling the podsolized soils of Mendocino County. 
The numerous populations which occur in the Coast 
Ranges are generally on serpentine soils, with the 
possible exception of the southernmost locality at 
Hooker Canyon in Sonoma County. There the popu- 
lation is restricted to a gray voleanic soil which has 
a ratio of calcium to magnesium of approximately 
4:1. 


In several areas in the Inner North Coast Ranges, 
C. macnabiana and C. sargentii oceur together. In- 
dian Valley, east of Bartlett Springs in Lake County, 
and Pine Flat in Sonoma County are two easily ae- 
cessible sites. In neither of the two areas could any 
clear-cut evidence of hybridization be determined even 
though the sites occupied by the two species are not 
well-differentiated. On the serpentine ridge above 
Pine Flat, the exposed portions were extensively cov- 
ered by individuals of C. macnabiana. C. sargentii 
in the same area was largely confined to a rocky 
ravine. The usually shorter bushier habit of C. mac- 
nabiana perhaps has been selected out on the more 
exposed habitats, where the shrubby form appears to 
have a selective advantage. 

Several strains of C. macnabiana were included in 
a comparison of germination rates. Invariably, an 
extremely low rate of germination was characteristic. 
The germination of strains from Indian Valley and 
from Whiskeytown was compared on the serpentine 
soil from Indian Valley and the sandy alluvium from 
Whiskeytown, as well as on the voleanic soil from 
Burney Springs, where a population of C. bakeri is 
restricted. In all cases, the germination rate of the 
two strains of C. macnabiana was less than 5%. 

Individuals of the three strains of C. macnabiana 
were grown on the outdoor soil bins containing a 
serpentine and a control soil. The comparative meas- 
urements of the three strains, one from serpentine 
soils in the vicinity of Indian Valley, one from the 
alluvial white soil near Whiskeytown and one from 
the granitic soil at Indiana Creek near Dobbins, are 
included in Table 7. Early in the study, rodents dam- 
aged the young seedlings of C. macnabiana as well as 
those of C. bakeri growing on the control soil, but did 
no damage to their counterparts growing in the adja- 
cent soil bin containing serpentine soil. Various 
strains of C. sargentii and the Point Lobos strain of 
C. macrocarpa were not damaged on either soil bin. 
As a result of the rodent damage, the survival of the 
Indian Valley strain was markedly reduced, owing to 
the lack of sufficient replacements. An indication of 
the better growth for the three strains of C. macna- 
biana on the serpentine soil is shown by the dry 
weight measurements. While the individuals were 
sometimes of approximately equal height on the two 
soils, or slightly higher on the control soil as in the 
ease of the Dobbins strain, the greater branching of 
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those individuals on the serpentine soil yielded sig- 
nificantly greater weight measurements. 

Owing to the production of active resin pits by 
the juvenile leaves, the one-year-old seedlings of C. 
macnabiana were easily distinguished from the seed- 
lings of other strains growing in the soil bins. The 
foliage consisted of flattened sprays resembling ma- 
ture foliage very early in the ontogeny of the young 
trees. 

Cupressus bakeri subsp. bakeri 

Two subspecies of C. bakeri have been recognized 
by Wolf: subsp. bakeri (originally cited as subsp. 
typica) and subsp. matthewsii. The former is known 
in only two localities, one an area of voleanic soils 
near Burney Springs in Shasta County, and the other 
on lava in the vicinity of Timbered Crater in the ex- 
treme southeastern corner of Siskiyou County. Ac- 
cording to Wolf, the latter subspecies is distributed 
in disjunct populations in the Siskiyou Mountains of 
Josephine County, Oregon, where it is restricted 
largely to serpentine soils. It is also found on Goose 
Nest Mountain in Siskiyou County, California. Dur- 
ing the course of the present study only populations 
of subspecies bakeri were visited. 

C. bakeri has been confused with C. macnabiana, 
being included in that species by many earlier 
workers. Wolf has pointed out very distinct differ- 
ences between the two species and has suggested that 
they are not closely related. While C. macnabiana 
possesses a thuja-like or flattened arrangement of the 
branchlets, C. bakeri has an evenly disposed arrange- 
ment of the branchlets. In the present study, an early 
differentiation of branching characteristics was seen 
in the seedlings used in tolerance testing. The branch- 
ing habit of one-year-old seedlings of C. macnabiana 
had the spray-like arrangement of the mature foliage. 
C. bakeri seedlings retained undifferentiated juvenile 
foliage. In addition to the branching characteristic, 
active resin pits were found on the juvenile leaves of 
C. macnabiana. No active glands were found on 
leaves of the seedling trees of C. bakeri. One feature 
which was shared by both species, was a high degree 
of palatability, evidenced by rodent damage to plants 
on the control soil. In general, the germination rate 
of C. bakeri was slightly higher than that shown 
by C. macnabiana. 

The height and dry weight measurements for indi- 
viduals representing the Burney Springs population 
of C. bakeri are included in Table 7. The measure- 
ments are slightly greater for the individuals on the 
serpentine soil than for those on the control soil. 
Different responses in the same soils are indicated 
from those of C. macrocarpa and C. sempervirens. 
The response of C. bakeri to the two soils is similar 
to that shown by strains of C. macnabiana. 


Cupressus sempervirens var. horizontalis 


A collection of seed from a Cupressus population 
at Antalya in the “Kas” district of southern Turkey 
Was germinated in the study. While there is no mod- 








ern treatment of the Asiatic members of the genus 
Cupressus, Camus (1914) considers the plant of 
southern Turkey to be a variety of C. sempervirens. 
Dr. Baki Kasapligil describes the soil in the area 
where the seed was collected as being typical of Medi- 
terranean soil formed from calcareous rocks. It is 
further described as being a red loam which is close 
to neutrality in its reaction. 

Seed of the cypress from Turkey was germinated 
in both a serpentine soil and a control soil. Germina- 
tion was exceptionally high on both soils. The seed- 
lings of C. sempervirens horizontalis produced only 
two cotyledons and, in this respect, differed from 
those of the California species, with the exception of 
C. pygmaea which produces seedlings with two, three 
and four cotyledons. 

While C. sempervirens horizontalis was able to 
survive on the serpentine soil, it made much less 
growth than any of the California species included 
in the study. The measurements of Table 7 indi- 
cate that, while the growth was better on the control 
soil, the growth of individuals of C. sempervirens 
horizontalis was markedly less than that of C. macro- 
carpa which was grown on the same soils. On both 
soils, the foliage of seedlings of C. sempervirens 
horizontalis remained a purplish color throughout the 
course of the study. 

PINUS 

Since many populations of Pinus are to be found 
with Cupressus populations on serpentine and acid 
soils, an opportunity was presented for an inquiry 
into the coincidental tolerances of species which 
grow together. For this purpose, various strains of 
Pinus were included in the tolerance testing for a 
comparison with the responses of Cupressus. The 
responses of the various pine taxa will be discussed 
individually. 

Pinus contorta COMPLEX 

Although Pinus bolanderi is narrowly restricted in 
the California flora, the P. contorta complex is widely 
distributed throughout western North America. P. 
bolanderi is the common pine of the pygmy forests 
of Mendocino County. Closely related P. contorta 
(in the sense used here) extends southward from 
Alaska in coastal areas to a southernmost point at 
Point Arena in Mendocino County, California. Of 
wider distribution, P. murrayana Grev. & Balf. is 
found in the Rocky Mountains and the Sierra Nevada 
northward into Canada. Although not included in the 
present study, P. banksiana Lamb. of the north- 
eastern part of the United States and adjacent central 
Canada is considered a component of this species 
complex. 

For the purposes of this investigation of the 
edaphic restriction of P. bolanderi and the responses 
of closely related taxa, P. bolanderi has been dis- 
tinguished from the typical form of P. contorta of 
Mendocino County and P. murrayana of the Sierra 
Nevada by the following features: 
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P. bolanderi P. murrayana 


P. contorta 


Number of 


Resin Canals none none two 

per Needle 

Cones opening at remaining opening at 
maturity closed for maturity 

many years 

Bark furrowed furrowed scaly 

Distribution coastal coastal mountains at 
bluffs plateau medium to 


high elevations 


Seedlings of P. bolanderi were included in an early 
phase of tolerance testing with the various strains of 
Cupressus. In contrast to the eypress species, which 
showed a noticeably reduced growth rate on the acid 
soil, the individuals representing P. bolanderi grew 
very well on the same soil (Fig. 12). The pine seed- 
lings, however, barely survived on the serpentine soil 





Fig. 14. Comparison of responses of Pinus bolanderi 
and Cupressus pygmaea to three soils. From left to 
right are individuals representing the average growth 
for each species on an acid soil (ME-13), a control soil 
(KO-42) and a serpentine soil (SK-43). The plants 
were removed from the outdoor soil bins of Fig. 12. 
January 31, 1952. 
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and the control soil. This result appeared note- 
worthy, since the seed for the Mendocino strain of 
Cupressus pygmaea which produced its maximum 
growth on the control soil was collected in the same 
habitat as seed for the strain of P. bolanderi. In- 
dividuals representing P. bolanderi and C. pygmaea 
on an acid soil, a serpentine soil and a control soil 
are shown, following their removal from the soil bins, 
in Fig. 14. Individuals of C. sargentii grown on the 
three soils are shown in Fig. 13 for a comparison, 
While the complete root system was difficult to obtain, 
owing to the intermingling of the roots of the various 
individuals, it was possible to note the occurrence of 
mycorrhizae on the roots of the pines. In contrast 
to the long root systems with many coralloid myecor- 
rhizae which were produced on the acid soil, sparse 
root systems with scant mycorrhizal development 
characterized the individuals on the serpentine and 
control soils. 

A second series of plantings was made to compare 
growth response of Pinus bolanderi with two strains 
of P..contorta and two strains of P. murrayana (Fig. 
15). The height and dry weight measurements for the 
five strains, when grown together on the control soil 
which was used in the original tolerance testing of 
P. bolanderi, are shown in Table 8. The planting of 
P. bolanderi showed approximately the same response 
to the control soil as in previous testing, the other 
strains presented varying responses. The best growth 
of the five strains was that of P. contorta from the 
coastal bluffs of Tillamook County, Oregon. The 
strain from the coastal bluffs of Mendocino County 
showed only slightly better growth than that of P. 
bolanderi. A comparison of the needles of the strains 
showed that no resin ducts were present in those of 
P. bolanderi or those of the Mendocino strain of P. 
contorta. Two resin canals were present in the 
needles of the strain from the Oregon coast, indicat- 
ing that certain morphological differences accompany 
the physiological differences of the populations of 
P. contorta. The strain of P. murrayana from 7000 
ft in the Sierra Nevada in Eldorado County produced 
much greater growth than P. bolanderi. The strain 
from Helena National Forest in Montana exceeded 
that of P. bolanderi in dry weight. The needles taken 
from individuals of both strains of P. murrayana 
had produced the large resin ducts characteristic of 
this taxon. 

The strains of pine were not planted in serpen- 
tine and acid soils identical to which P. bolanderi 
had been previously subjected. A planting of the 
five strains of the P. contorta complex was made on 
a serpentine soil (BJ-9) from Marin County and a 
podsolized soil (ME-11) from Mendocino County. 
On these soils, all strains showed only a trace of 
growth during the latter part of the study. The re- 
duced growth on the acid soil (ME-11) used in this 
phase of the study, when compared to the growth 
shown on the other acid soil (ME-13), possibly was 
due to a different nitrogen content of the two soils. 
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Pinus muricata 


In the most recent taxonomie consideration of P. 
muricata, Duffield (1951) discusses the variation of this 





TaBLE 8. Comparison of Responses within the Pinus 
contorta Complex.* 
Collection Average Hgt. | Total Dry Wet. 
Designation (in ems.) (in gms.) 
P. bolanderi-ME-20...... 1.5 0.5 
Mendocino Co. 
P. contorta-ME-101...... 3.3 1.6 
Mendocino Co. 
P. contcrta-TL-107....... 8.7 10.1 
Tillamook Co., Ore. 
P. murrayana-PA-103... . 3.9 4.4 
Eldorado Co. 
P. murrayana-PA-102.... 1.3 1.6 


Helena National 
Forest, Montana 





*Six individuals of each ccllecticn planted in an outdoor soil bin containing 
KO-42 on April 18, 1951. Five onlv of the Pibo-ME-20 individuals survived. 
Measurements were recorded on April 8, 1952. 





EpapPHic RESTRICTIONS OF CUPRESSUS AND PINUS 


Fig. 15. Responses of various strains of Pinus and Cupressus to the control soil (KO-42). April 17, 1952. 
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largely Californian species. Duffield treats the north- 
ern portion of the distribution, including the popula- 
tion at Trinidad Head in Humbolt County and the 
rather continuous series of populations along the 
coast of Mendocino and Sonoma Counties, as com- 
prising a northern variety. The southern popula- 
tions, including that at Coon Creek in San Luis 
Obispo County, and those further south on the Cali- 
fornia and Baja California mainland are designated 
as a southern variety. The populations which are 
centrally located between the distributions of the two 
varieties, Duffield considers to be intermediates. The 
Huckleberry Hill population (one of the interme- 
diates), has been used in this study because of its 
localized restriction with Cupressus goveniana in 
Monterey County. With the exception of the Huckle- 
berry Hill population, the strains of P. muricata used 
in this study are from populations ine!uded in the 
northern variety. 

P. muricata was introduced into the inquiry after 
the different responses of Cupressus pygmaea and 
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P. bolanderi were observed. A strain of P. muricata 
from the Mendocino pine barrens was included for a 
comparison of the tolerances of three species from a 
particular habitat. Several other strains of P. muri- 
cata were also used to evaluate the possible presence 
of variation within this taxon in regard to edaphic 
tolerances. 

All of the population samples of P. muricata ger- 
minated approximately equally well on a serpentine, 
a highly acid, and a control soil. These population 
samples included the northernmost population in 
Humboldt County, two populations from the coastal 
plateau in Mendocino County, one population from 
Anchor Bay in Mendocino County, and the Huckle- 
berry Hill population in Monterey County. Four 
of the above strains were selected for the soil toler- 
ance study and were transplanted to the outdoor soil 
bins (Fig. 15). Each of the strains selected was from 
a population which grew in an area with a Cupressus 
population. 

Table 9 shows that three of the strains (Mendocino, 
Anchor Bay and Huckleberry Hill) responded simi- 
larly to the control soil. The Noyo strain, which was 
collected on the coastal plateau on a site very simi- 
lar to that of the collection of the Mendocino strain, 
was strikingly similar to Pinus bolanderi in its re- 
sponse to this soil. As the difference in growth be- 
tween the Mendocino strain and the Noyo strain is 
not easily explained, it suggested that an error had 
been made in transplanting. A check of the needles 
of the seedlings of the Noyo strain indicated them to 
be P. muricata. The growth of the Anchor Bay strain 
on the control soil slightly exceeded that of both the 
Mendocino strain and the Huckleberry Hill strain. 

In addition to the planting on the control soil, the 
four strains were transplanted to a serpentine soil 
from Marin County and a highly podsolized soil from 
Mendocino County; however, on neither of these soils 
was there a marked inerease in growth. The Anchor 
Bay strain grew slightly better on the serpentine soil 
than did the other strains. In contrast it showed 
slightly reduced growth on the podsolized soil, when 
compared with the growth of the Mendocino and 
Huckleberry Hill strains. 


Pinus attenuata 


P. attenuata is a largely Californian species which 
is distributed throughout the state in highly localized 
populations. A common habitat is a barren or rocky 
slope, often of a serpentine nature, at medium ele- 
vations. No systematic survey has determined the 
range of variation within the species, but undoubtedly 
many variants are present. 

Regardless of whether the soil of the collection 
site was serpentine or non-serpentine, P. attenuata 
germinated and survived on both serpentine and 
highly acid soils. Two strains of P. attenuata which 
occurred on sandy soils with Cupressus abramsiana 
in the Santa Cruz Mountains (Piat-BD-128, Piat- 
ER-126), one strain which occurred on a red vol- 
canie soil with C. sargentit at Red Mountain in north- 
ern Mendocino County (Piat-RM-141), and one strain 
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which occurred on a serpentine ridge with C. sargentii 
above Pine Flat in Sonoma County (Piat-PF-131) 
were used in the germination study. 

Strains of P. attenuata from Bonny Doon in the 
Santa Cruz Mountains and Pine Flat in Sonoma 
County were germinated in an earlier testing on 
control, serpentine and highly acid soils. Germftnation 
rates were fairly uniform on all three soils. The rate 
of germination of the strain from the serpentine soil 
at Pine Flat was slightly lower. Seedlings of the two 
strains were transplanted to the outdoor soil bins for 
a further estimation of soil tolerances (Fig. 15). The 
serpentine strain was the more vigorous of the two 
in both height and dry weight measurements (Table 
9) on the control soil. The individuals of the ser- 
pentine strain averaged twice the height of the strain 
from sandy soils under uniform conditions. On the 
serpentine soil, these two strains of P. attenuata were 
the only pines growing noticeably at the conclusion 
of the study. 


TABLE 9. and P. at- 


Comparison of Pinus muricata 
tenuata on Three Soils.* 





SERPENTINE 
Actp Soin Soin Conrrou Son 
ME-11 BJ-9 KO—42 
Collection Designation Total Total Total 


Avg. Dry Avg. Dry Avg. Dry 
Hgt. Wet. Hgt. | Wet. | Het. | Wet. 


(ems.) | (gms.) | (ems.) | (gms.) | (ems.) | (gms.) 
P. muricata-ME-21 . 1.7 = 1.7 = 10.0 | 7.6 
P. muricata-NO-110... . 1.2t 1.9 - 1.6 0.6t 
P. muricata-AB-26..... . 1.3 - 2.8 - 14.1 12.2 
P. muricata-HH-28. . . 1.8t - 1.8 ~ 10.0 7.6 
P. attenuata-PF-82}. . 1.3 _ 2.8 1.3 15.4 | 20.4 
P. attenuata-BD-111 0.8 — | 2.4 1.9 7.9 9.4 





*Six individuals transplanted for each strain to the outdoor bins on April 18, 
1951. Measurements recorded on April 8, 1952. 

+Five of six individuals survived. 

{Serpentine strain. 


ACHILLEA 

Various strains of Achillea in California have been 
separated into two species, A. borealis and A. lanu- 
losa Nutt., largely on the basis of a chromosome 
number difference. The former species is a hexaploid 
(n=27), and the latter is a tetraploid (n=18). The 
range of A. borealis in California, as investigated by 
Lawrence (1947), is largely coastal, including the 
Coast Ranges from Santa Barbara County north to 
Del Norte County. Principally an inland species, 
A. lanulosa in California is in the montane areas of 
the Sierra Nevada and Cascade Range. Both species 
oceupy many comparable habitats, and ecotypic vari- 
ation characterizes each species throughout its range. 
After extensive study of this ecological variation 
(Clausen, Keck & Hiesey 1948), separation into a 
series of climatic races was made as a result of trans- 
planting clonal material to different altitudinal sta- 
tions in California. The work of Kruckeberg (1951), 
with populations included within the distributional 
range of the hexaploid indicated the presence of 
edaphieally differentiated races. 
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Fig. 16. Various strains of Achillea and Agrostis on a 
control soil (top), a serpentine soil (middle) and an 
acid soil (bottom). Achillea borealis: A. Santa Cruz 
Mountains, B. coastal plateau, Mendocino County, G. 
non-serpentine site, Cedar Mountain, Alameda County, 
F. serpentine site, Cedar Mountain. Agrostis hallii: C. 
Anchor Bay, E. Coastal plateau, Mendocino County. 
Horkelia tenuituba: D. Anchor Bay. June 13, 1951. 


Clones of various strains of the species were used 
in the present study for a comparison with the re- 
sponse of seedlings of woody species. Clones from 
areas where cypresses are restricted were transplanted 
to the large outdoor soil bins. The plantings of 
Achillea on the same soil series to which the strains 
of cypress were subjected are shown in Figs. 16 & 
a7. 

The two rows of Achillea labelled (A) and (B) in 
Fig. 16 are from non-serpentine sites, (A) (Achi- 
BL-3) from the Santa Cruz Mountains on sandy 
soils similar to those on which Cupressus abramsiana 
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Fig. 17. Various strains of Achiilea and Agrostis on a 
control soil (top), a serpentine soil (middle) and an 
acid soil (bottom). Achillea borealis: A. serpentine site, 
Mt. Tamalpais, H. Coastal plateau, Mendocino County. 
Agrostis hallii: B. sandy soil, Mt. Tamalpais, D. ser- 
pentine site, Mt. Tamalpais, G. Anchor Bay. Agrostis 
exerata: E. coastal plateau, Mendocino County. Horkelia 
tenuituba: C. sandy soil, Mt. Tamalpais. June 13, 1951. 


grows and (B) (Achi-MA-13) from a roadside situa- 
tion with Arctostaphylos nummularia in the pygmy 
forests of Mendocino County. It is apparent from 
a visual comparison that the maximum growth of 
both strains was on the contro] soil. Although both 
strains did survive on the serpentine soil, their growth 
was considerably reduced. The strain from Mendocino 
County formed a low vegetative mat with much re- 
duced leaves when grown on the serpentine soil. The 
strain from the Santa Cruz Mountains produced only 
scattered clonal segments on the same soil. The 
strains (F) and (G) were from Cedar Mountain in 
Alameda County from an area where Cupressus sar- 
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gentii grows. Strain (G) (Achi-CM-1) is from a 
non-serpentine site adjacent to the serpentine area 
containing C. sargentii and strain (F) (Achi-CM-2). 
While both the non-serpentine and serpentine strain 
were tolerant of the control soil, only the serpentine 
strain was able to survive on the serpentine soil. The 
four strains on acid soil showed little growth beyond 
the original transplanted segment, which continued to 
survive. 

A second planting of Achillea is shown in Fig. 17. 
Of the two strains used, one strain (A) (Achi-BJ-17) 
was with Cupressus sargentii in a as area on 
Mount Tamalpais. The other strain (H) (Achi-MA- 
15) was with Pinus muricata on an acid soil in Men- 
docino County. The growth of the strain from the 
serpentine area was approximately equal on both the 
serpentine soil and the control soil. Good growth of 
the strain from the acid soil occurred on the control 
soil, but only a few segments survived on the ser- 
pentine soil. Neither strain extended markedly be- 
yond the original segment which was transplanted to 
the acid soil. 

AGROSTIS 

In addition to Achillea, clonal material from sev- 
eral populations of Agrostis hallii Vasey were re- 
where they were growing with 
transplanted to the soil series 
used in tolerance testing. A. hallii is largely confined 
in its distribution to coastal sites. One strain (C) 
(Agha-AB-2) shown in Fig. 16 was from the Anchor 
Bay locality of Cupressus pygmaea. The Mendocino 
strain (E) (Agha-MA-1) was from a coastal plateau 
locality of C. pygmaea. The Anchor Bay strain was 
the more vigorous on the control soil and produced 
yield on the serpentine soil than the 
A remarkably similar response in 
regard to number of flowering culms, height and dry 
weight characterized the Mendocino strain on both 
the serpentine and control soils as well as on the acid 


= 


moved from areas 


Cupressus and were 


a much greater 
Mendocino strain. 


soil. 
A second series of strains of A. hallii (this time 
including a strain from a serpentine site) was trans- 


planted during the winter months of 1950-1951, the 
first series having been transplanted in July and 
August, 1950. The photographs (Fig. 17) recorded 


in June, 1951 indicate growth of the strains on both 
the control and serpentine soils. The reduced response 
to the acid soil possibly was due to the later trans- 
planting date, since the various strains on this soil 
did produce flowering culms in the spring of 1952. 
Strain G (Agha-AB-4) of Fig. 17 is from the area 
where Cupressus pygmaea occurs at Anchor Bay 
and is another clone from the site of the earlier col- 
lection cited above. Strain D (Agha-BJ-6) is from 
the serpentine slopes at Bootjack, Mount Tamalpais 
with C. sargentii. The measurements of both clones 
indicate better growth on the serpentine soil than on 
the control soil (Table 10). An additional strain 


(B) (Agha-MA-7) from sandy soils on Mount Tamal- 
pais showed better growth on the serpentine soil 
A strain of Agrostis exerata 


than on the control soil. 
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Trin. from the highly acid soils of the Mendocino 
coastal plateau which was included in the planting 
(E. of Fig. 17) was characterized by greater pro- 
duction of flowering culms on the serpentine soil than 
on the control soil. 


Response of Strains of Agrostis hallii to 
Three Soils.* 


TABLE 10. 





ME-13) (SK-43) (KO-42) 


Actip Sort | SERPENTINE SoIL Controt Som 





| Total | Total Total 
No. | Ave. | Dry | No. | Avg.| Dry.| No. | Avg.| Dry 
Culms} Het. | | Wet. |c ulms Het. Wat. Culms} Hgt. | Wet. 


Collection | 
Designaticn F 
| 5 oa 





Agha-AB-2. . 8 lon 8.5] 52 | 52.0! 75.4] 32 | 47.0] 24.1 
(C of Fig. 16) | | | 
Agha-MA-1........| 10 | 58.0) 8.3] 10 | 51.0] 5.5) 11 | 55.0! 10.8 
(of Fig.16) | = | | | ae 
Agha-BJ-6t.... 0 | 9-0; 1.1) 26 | 58.0 35.8] 25 | 43.0] 19.2 
(D of Fig. 17) , 4 | 
15.0} 1.6, 27 | 44.0) 40.2) 16 | 40.0! 16,7 


Agha-AB-4. .. 0 
(G of Fig. 17) | 





*Coections AB-2 
Ccllections BJ-6 and 
Measurements (Hegt., cms.; Dry 

{Serpentine strain. 


2 and MA-1 ‘niobate during the summer months, i950. 
AB-4 transplanted during the winter months, 1950-51. 
/gt., gms.) recorded on June 21, 1951. 


For additional clonal material, two clones repre- 
senting two populations of Horkelia tenuituba (Torr.) 
Greene were transplanted to the soil bins, one strain 
(D of Fig. 16) from the sandy soils with the Anchor 


Bay populations of Cupressus pygmaea and one 
strain (C of Fig. 17) from the sandy soils on Mount 
Tamalpais with Arctostaphylos  sensitiva. Both 
strains of Horkelia had their best growth on the 


control soil. 
NAVARRETIA 

Since many annual plants appear to be differen- 
tiated into edaphie races, a genus of annual plants 
(Navarretia) which occurs on many soil types, inelud- 
ing serpentine and acid soils, was utilized germi- 
nation testing. The genus Navarretia includes species 
that are narrowly confined to a single population, as 
restricted to a very discon- 
various species occur 


well as species that are 
tinuous habitat. In addition, 
in areas where various Cupressus strains are re- 
stricted. A preliminary planting of the various 
Navarretia indicated that possibly only those strains 
which grew on serpentine soils in their natural dis- 
tribution were able to survive on those soils. For a 
full seale comparison of germination response, seeds 
were germinated on both a serpentine soil (BJ-9) and 
a non-serpentine control soil (KO-42). The germina- 
tion data are reported in Table 11. 

Of four strains of Navarretia squarrosa, 
strains from serpentine soil showed good survival on 
serpentine soils. One of these was from an area where 
the Bootjack population of Cupressus sargentii is 
restricted on Mount Tamalpais. The two non-serpen- 
tine strains used in the study’ were from acid soil 
areas. One was from disturbed sites with the Huckle- 
berry Hill population of Cupressus goveniana, and 
the other was from acid soils of the coastal plateau 
of Mendocino County. As shown in Table 11, the 


the two 
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TABLE 11. Germination and Survival of Various 
Strains of Navarretia.* 





SERPENTINE Sort | ContrROoL Sorin 
(BJ-9) (KO-42) 
Collection ————_ ——— 
Designation Germi- Germi- 
nation Survival) nation | Survival 








Navarretia squarrosa 


Nasq-AL-18......| 64 | 1 64 52 
Nasq-HH-35...... 13 4 23 23 
Nasq-BJ-146T..... 42 38 31 31 
Nasq-MT-1527....| 41 | 28 42 42 
| | | 
Navarretia mellita 
Name-BR-124.... 4 | 2 23 23 
Name-MT-1517. .. 19 15 31 31 
Navarretia jepsoni 
Naje-SK-133T..... 25 i ie 19 
Naje-SK-1347..... 48 | 48 | 10 10 
Navarretia cotulaefolia | 
Naco-SK-1357....| 32 32 | 21 21 
Navarretia atractyloides 
Naat-BX-145..... 0 0 21 21 
Naat-BD-66...... 11 11 28 28 
Naat-HH-33...... 27 4 47 43 
Naat-PL-36....... 11 4 24 24 
Navarretia rosulata 
Naro-MT-1507... . 34 34 37 37 








*Seventy-five seeds of each strain planted on each of the two soils (25 seeds/ 
3-in pot) on Feb. 4, 1952. Thirty seeds (10/pot) only planted for Nasq-HH-35. 
Survival recorded on Mar. 30, 1952. 

{Collections from serpentine sites. 


strains from acid soils, germinated on the serpentine 
soils, but most of the seedlings failed to survive under 
those conditions. The strain from Mendocino County 
showed a germination rate which was equal on the 
two soils. On the serpentine soil, however, most of 
the seedlings began to wither one week following 
germination, never having matured beyond the ex- 
tension of the cotyledons. A serpentine strain (Nasq- 
BJ-146) and a strain from acid soils (Nasq-AL-18) 
were germinated on an unaltered serpentine soil, as 
well as one to which caleium in the form of gypsum 
was added. A difference in germination was evident 
on the unaltered serpentine soil. Approximately equal 
germination and survival characterized the two strains 
upon the addition of calcium. 

Two strains of Navarretia mellita, a species closely 
related to N. squarrosa, showed a difference in ger- 
mination response. The race from serpentine soils on 
Mount Tamalpais germinated and survived on both 
serpentine and control soils. The race from the sandy 
soils where the Butano Ridge population of Cupressus 
abramsiana is restricted had a marked reduction of 
germination and survival on serpentine soils. 

Navarretia jepsoni V. Bailey is a species which is 
not known from soils other than those derived from 
Serpentine bedrock. Two strains that were collected 
in an area north of Middletown in Lake County were 
grown in the germination study. One strain (Naje- 
‘SK-133) was from the meadow at the base of a ser- 
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pentine hill, while the other strain (Naje-SK-134) 
was from a drier slope of the serpentine outcropping. 
A higher rate of germination was characteristic of 
the strain from the drier slope, but both strains 
showed an increased rate of germination and survival 
on the serpentine soil over that on the contro] soil. 
Navarretia cotulaefolia (Benth.) H. & A., a species 
which was growing in the meadow with N. jepsoni, 
was also germinated under these uniform conditions 
and showed its greatest rate of survival on the ser- 
pentine conditions. Damping off was responsible for 
the loss of a number of Navarretia seedlings on the 
control soil, but did not seem to affect the seedlings 
on the serpentine soil. This differential effect of 
damping off possibly is of importance in the restric- 
tion of certain species to serpentine soil. 

A strain of Navarretia atractyloides from a non- 
serpentine site in Lake County (Naat-BX-145) failed 
to germinate on serpentine soil, although it produced 
a number of seedlings on the control soil. Seed col- 
lections representing three other strains of N. atracty- 
loides, responded similarly to serpentine soil, although 
the cotyledons failed to emerge completely from the 
seed coat. Only a few cotyledons became erect. The 
three latter collections were from areas where Cu- 
pressus populations are restricted at Bonny Doon, 
Huckleberry Hill and behind Point Lobos. One plant- 
ing was made of N. rosulata Brand, which is known 
only from serpentine areas in Marin and San Mateo 
Counties, although it is closely related to N. hetero- 
doxa Greene, generally reported only from sandstone, 
shale or clay soils according to Howell (1949). Navar- 
retia rosulata gave the response of other serpentine- 
restricted Navarretia species, being able to survive on 
both serpentine as well as non-serpentine soils. 

OTHER GENERA 

For further comparison of germination on different 
soils, two weedy species which are not narrowly re- 
stricted in their distribution were used. Bromus mol- 
lis L. and Brassica nigra (L.) Koch, were compared 
to Navarretia squarrosa in a planting on eight soils, 
six representing those from Cupressus areas. The 
grass species, Bromus mollis, showed almost complete 
germination on all soils, including the serpentine soil. 
While the growth varied considerably, being much 
reduced on the highly acid soils (FB-1, IO-3), most 
of the grass seedlings produced at least one flower 
on all soil types. Seedlings of Navarretia failed to sur- 
vive on the serpentine soil, and there was reduced sur- 
vival on the highly acid soils (FB-1, 10-3). Most 
Navarretia survivals, however, produced at least one 
flower per plant, even though on the highly acid soils 
the plant was less than 1 em in height. The source of 
the Navarretia seed was an acid soil in Mendocino 
County, where the plants appeared as a weed in 
cleared Sequoia areas. Brassica was able to tolerate 
the acid soil conditions, but was unable to survive on 
the serpentine soil. 

Since the germination of Cupressus pygmaea, 
Pinus bolanderi, and P. muricata from the coastal 
plateau of Mendocino County was found to be fairly 
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uniform on a variety of soils, a number of other spe- 
cies growing on these podsolized soils were germi- 
nated for a comparison. An annual grass, Aira prae- 
cox, germinated and survived on serpentine soil 
(BJ-9) as well as on acid soil (ME-11) and a con- 
trol soil. Three shrubby species, Rhododendron cali- 
fornicum, Ledum glandulosum and Gaultheria shal- 
lon, germinated uniformly on a soil series similar to 
that on which Aira was germinated. Approximately 
one year following germination, numerous seedlings 
of Rhododendron and Ledum were growing vigor- 
ously on the unaltered acid soil which had been regu- 
larly watered with distilled water. On the serpentine 
and control soils, however, most of the numerous seed- 
lings failed to survive, having produced only coty- 
ledons. Seedlings of two strains of Gaultheria shal- 
lon (Gash-ME-2 and Gash-HH-34), which were ap- 
proximately of equal vigor and growth on the acid 
soil and the control soil, failed to survive on the ser- 
pentine soil. 
SUMMARY OF GERMINATION AND TOLERANCE 
TEstTING RESULTS 

When strains which were collected from a 
particular site are compared, an evaluation can be 
given of the responses which characterize the various 
members of the vegetation. Five of the localities from 
which a group of strains were taken for the present 
studies are summarized in Table 12. The greatest 
representation of species is from the coastal plateau 
locality in Mendocino County, and it is within this 
vegetation that a remarkably diverse series of re- 
sponses was found to characterize the different spe- 
cies. Of the five localities evaluated, only the Boot- 
jack, Mount Tamalpais one is a serpentine habitat. 
The other four are on acid soils. The summary indi- 
cates that widely divergent responses may charac- 
terize the different members of a plant community. 


those 


RESPONSES TO ALTERED SOILS 


Investigation was made of physiological require- 
ments of some of the species regarding certain chemi- 
cal aspects of the soil. For this phase, various species 
of Pinus and Cupressus, whose germination responses 
and tolerance of general edaphie conditions had been 
studied, were grown in soils that were altered by the 
addition of various nutrients. Some of the closely 
related species which were similar in their edaphic 
tolerances were investigated further as were other 
unrelated species which had previously differed in 
their edaphic responses in an attempt to learn the 
basis of these differences. 

RESPONSES OF Cupressus goveniana AND C. pygmaea 
To ALTERED SERPENTINE AND ACID SOILS 
In the germination and survival studies of Cupres- 


sus, it was noted that the growth of the various spe- 





cies was similar on the Bootjack serpentine (BJ-9), 
the podsolized soil from Huckleberry Hill (HH-2), 
and the sandy soil from Bonny Doon (BD-10). For 
continued growth on these three soils, the Mendocino 
strain of C. pygmaea and the Huckleberry Hill strain 


CALVIN McMILuAn 





Ecological Monographs 
Vol. 26, No. 3 


TABLE 12. Responses of Strains from Five Habitats,* 








SERPENTINE ConTROL 
ACID Sort Soin Som 
Germ.) Sury. | Germ.| Surv. | Germ.! Sury, 


. Coastal Plateau, Mendocino 


1 
Co. 
Pinus bolanaeri Y A Y Cc ¥ 4 
Pinus muricata. . Y Cc Y C Y A 
Cupressus pygmaea... . Y Cc Y B Y A 
Rhododendron californicum ¥ A Y D Y D 
Ledum glandulosum Y A y D y D 
Gaultheria shallon ‘ Y A Y D Y A 
Achillea borealis c Cc A 
Agrostis hallii : A A A 
Aira praecor. . Y B Y B 4 A 
Navarretia squarrosa Y Bc | Z D Y A 
2. Anchor Bay, Mendocino Co. 
Cupressus pygmaea. . . oa Y Cc 4 A Y A 
Pinus muricata Y Cc Y Cc 4 A 
Agrostis hallii cit B A AB 
Horkelia tenuituba Cc Cc A 
3. Bonny Doon, Santa Cruz Co. 
Cupressus abramsiana Y Cc Y B Y A 
Pinus attenuata Y Cc Y Cc Y A 
Achillea borealis C Cc A 
Navarretia atractyloides : Z C Y A 
4. Huckleberry Hill, Monterey Co. 
Cupressus goveniana Y Cc Y B Y A 
Pinus muricata oe le: Y Cc x A 
Navarretia squarrosa. . . Z Cc Y A 
Navarretia atractyloides Zz C Y A 
Gaultheris shallon. . ¢ A 7 D Y A 
5. Mt. Tamalpais (Bootjack ser- 
pentine area), Marin Co. 
Cupressus sargentii. . ee ef & Y A Y AB 
Achillea borealis . Cc A A 
Agrostis hallii Cc A AB 
Navarretia squarrosa 4 A 4 A 





: *Comparison symbols: A—good growth and survival, B—fair growth and sur- 
vival, C—poor growth and survival, D—no survival, Y—good germination, 
Z—reduced germination. 


of C. goveniana were selected for a comparison of 
two closely related species that are restricted to simi- 
lar habitats. 

Four seedlings of each of the two species were 
transplanted to a series of asphalt-coated baking pans 
filled with the various soils (1950 grams per pan of 
the sandy soils and 1750 grams per pan of the ser- 
pentine soils). In addition to the unaltered soils, four 
alterations of each of the two soils were used: N3P4, 
CaSO, and MgSO, (Nz is equivalent to 300 lbs of 
nitrogen/A. P, is equivalent to 400 Ibs of P.0;/ 
A. The salts were added at the rate of 2 tons/A). 

After the first three months, differences in growth 
were noted on the various soil treatments. Only 
a small increment of growth was shown by the in- 
dividuals on the two unaltered acid soils. Both spe- 
cies had slightly greater growth on the unaltered ser- 
pentine soil. On all three soils to which N2P4 was 
added, the growth of both species was decidedly in- 
creased. 

After 10 months, the greatest increase of growth 
for both species was on the three soils receiving the 
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addition of both nitrogen and phosphorus. The treat- 
ment lacking nitrogen produced much less growth. 
Upon the addition of calcium and magnesium, the 
growth of the two species differed. Cupressus go- 
veniana was stimulated to slightly increased yield on 
both the serpentine and the Bonny Doon sandy soils 
with the addition of calcium. The growth of C. pyg- 
maea was reduced under the same conditions. The re- 
verse situation occurred with the magnesium addition. 
C. goveniana showed reduced growth on these two 
soils, and C. pygmaea showed increased growth, when 
compared to that on the unaltered soils. Both species 
showed a slight increase in growth on the Huckle- 
berry Hill soil upon the addition of calcium. A 
marked increase in growth characterized both species 
when magnesium was added to that soil. 

The individuals on the unaltered soils and on the 
soils to which N3P, had been added were allowed to 
continue growing until April 15, 1952. An additional 
application of nitrogen (Nz) was given to the altered 
soils after measurements were made on May 5, 1951. 
The greatest difference of growth was displayed on 
the Huckleberry Hill soil to which the N,P, fer- 
tilizer was added. Although the individuals of C. 
goveniana used in the study represented the popu- 
lation which oceurs on the Huckleberry Hill soil, 
the individuals of C. pygmaea were able to make 
greater growth on that soil, averaging a greater 
height of about 18 em. The dry weight of the indi- 
viduals of C. pygmaea under these conditions was 
almost 3.5 times greater than that of C. goveniana. 
The C. goveniana individuals reached their maximum 
height by February 5, 1952, while the individuals of 
C. pygmaea continued to increase in height until the 
final measurement on April 15. The possibly greater 
capacity for the uptake of calcium from a soil of 
low nutrient status was shown by C. pygmaea. On the 
altered serpentine soil, the dry weight of the indi- 
viduals of C. pygmaea was 3 times greater than that 
for the strain of C. goveniana. A similar weight is 
shown for individuals of the two species grown on 
the altered Bonny Doon soil. 

In gross morphological differences, the individuals 
of the two species could be identified on all soil treat- 
ments. Typically, on the unaltered soils, the no- 
ticeably dark green, coarse foliage of C. pygmaea 
was contrasted to the light green, fine foliage of C. 
goveniana. The individuals of C. pygmaea on the 
unaltered soils were wiry plants which were bending 
in most eases. The individuals of C. goveniana were 
slender erect plants. The conspicuous whip-like leader 
which characterizes C. pygmaea was especially promi- 
nent in the case of individuals growing on the two 
Only the 
individuals of C. pygmaea were producing the shorter 
leaves typical of the mature foliage at the conclusion 
of the study. In contrast to the situation on the out- 
door soil bins used in tolerance testing in which one- 
year-old seedlings of C. goveniana produced cones, 


sandy soils receiving nitrogen additions. 


here only seedlings of C. pygmaea produced cones. 
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They were produced only on the Huckleberry Hill 
sandy soil receiving the nitrogen treatment. 


RESPONSES OF Pinus bolanderi, P. contorta AND 
P. muricata TO ALTERED AcID SoILs 

The edaphic responses of individuals of P. bo- 
landeri, P. contorta and P. muricata were compared 
on a series of altered acid soils. Mendocino County 
strains for all three species were germinated under 
similar conditions, and the 3-month-old seedlings were 
then transplanted to asphalt-coated baking pans filled 
with 1950 gm of the highly acid soil (ME-11). An 
unaltered soil as well as the following additions were 
used: N,, Ns, NgP4, Psy, CaSO,, CaO and MgSQ,. 
Four seedlings each of P. contorta (Pico-ME-101) 
and P. bolanderi (Pibo-ME-20), were transplanted 
to a pan filled with one of the soils. Four seedlings 
of each of two strains of P. muricata (Pimu-ME-21 
and Pimu-NO-110), were transplanted to a second 
series of the soils. 

The growth comparison (Table 13) shows a simi- 
lar response of the individuals of P. contorta and P. 
Both species had their greatest growth 
measurement in response to a fertilization with both 
There was a_ negligible 
response to the addition of phosphorus alone. In the 
addition of the two graded amounts of nitrogen, there 
was a greater increase in growth for both species 


bolanderi. 


nitrogen and phosphorus. 


with the larger nitrogen addition. 


TABLE 13. Comparison of Growth of Pinus on Altered 


Acid Soils.* 





AveRAGE Heiaat (in em 


Soil P. bolanderi P. contorta 


P. muricata 
Alteration Original Pibo- Pico- Pimu- Pimu- 
pH ME-20 ME-101 ME-21 NO-110 

Unaltered 

(ME-11) 3.70 1.3 1.8 1.6 1.6 
Ni 3.45 3.1 3.1 7.4 4.6 
Ns3 3.25 3.9 3.4 7.9 8.7 (2) 
NsPs.. 3.30 5.8 8.7 16.8 14.0 
Fé... ; 3.80 1.3 1.5 L.7 2.5 
CaSO.... 3.00 2.1 2.8 6.01 3.7 (3) 
CaO 5.00 0.7 1.4 2.9 2.0 
MgSOg.. 3.15 2.2 1.5 4.7 (3 3.3 (3) 


*Four individuals of each strain transplanted to each soil, May 23, 1951. 
Height measurements recorded February 19, 1952. Treatments with less than 
four individuals surviving indicated by number in parentheses. 


A lime addition was used for a comparison with an 
application of gypsum as the calcium source. There 
was an increase in growth for both pine species with 
the gypsum addition and a retardation of growth 
upon the application of lime. The elevated pH _ re- 
sulting from the addition of lime suggests the possi- 
bility that the pine individuals grow best at the 
lower pH range, effected by the gypsum. 

In a comparison of the growth of the two strains 
of Pinus with their responses shown in the tolerance 
testing phase, it is perhaps not unexpected to find 
that the Mendocino strain of P. contorta responds 
similarly to P. bolanderi. Both species lacked vigor 
on the unaltered podsolized soil in duplication of their 
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responses to the podsolized soil in the large outdoor 
soil bins. For both the amount of nitrogen limits 
growth on the highly acid soil. 

The oceurrence of mycorrhizal roots of pines has 
been studied by many investigators, and, unfortu- 
nately, no common agreement seems to have settled 
the role of these structures. Some of the recent work 
of Melin & Nilsson (1950) using refined techniques 
and radioactive phosphorus does indicate rather pre- 
cisely that the mycelium of the fungus can trans- 
port phosphorus from the soil to the pine root. The 
role of the mycorrhiza in the acquisition of nitrogen 
for the pine, however, is not well documented. 

Since the occurrence of mycorrhizal roots is of some 
concern in the survival of pines under certain edaphic 
conditions, their occurrence was noted as the plants 
were pressed for documentation. While some of the 
coralloid type of mycorrhizae were present on the 
roots of both species on all of the various soils, there 
were fewer on the roots of the individuals growing 
in the altered soil to which both nitrogen and phos- 
phorus was added. Mycorrhizae of any type were 
extremely scarce on the roots of P. bolanderi grown 
on this altered soil. They were only slightly more 
frequent on the roots of P. contorta. Both species 
showed their greatest growth on this particular soil 
alteration. With the lime addition, the root system 
of P. contorta was better developed, and produced 
more dichotomously branched myecorrhizae than that 
of P. bolanderi on the same soil. 

The response of the two strains of Pinus muricata 
to the various alterations of the podsolie soil (Table 
13) is similar to that reported for P. bolanderi and P. 
contorta. While the initial growth on the unaltered 
soil was similar to that of the other two pine species, 
greater increments of growth were effected by the 
addition of the various nutrients in the case of P. 
muricata, A partial explanation of this growth dif- 
ference might be in the failure of P. muricata to pro- 
duce dormant buds under conditions which stimulated 
the other species to do so. In contrast to P. bolanderi 
and P. contorta, both of which were retarded upon 
the addition of lime, the strains of P. muricata pro- 
duced some additional growth on this altered soil. 

Mycorrhizal roots on P. muricata were found to 
be similar in distribution to those of P. bolanderi and 
P. contorta. The soil alteration of added nitrogen 
and phosphorus, which produced the greatest growth 
of both strains, was characterized by the least oceur- 
rence of mycorrhizae. The two strains of P. muri- 
cata had differentiated in regard to their responses in 
outdoor soil tolerance testing. One strain (Pimu-ME- 
21) responded more vigorously to the control soil 
than had the other strain (Pimu-NO-110) although 
both were from comparable sites. 

RESPONSES OF Cupressus pygmaea AND Pinus 

bolanderi TO A SERIES OF Acip SoILs 

In an earlier phase of the study P. bolanderi and 


C. pygmaea, which are restricted in their natural 


distribution to the same area of highly acid soils in 
Mendocino County, responded differently when grown 
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on three soils as part of a general tolerance testing 
(Fig. 14). An attempt was made to determine more 
clearly certain of the physiological requirements of 
each species. Since it had been indicated by the com- 
parison of responses of C. pygmaea and C. goveniana 
that C. pygmaea grew equally well on two highly aeid 
soils and a serpentine soil when both nitrogen and 
phosphorus were added to these soils, and that only 
a small amount of growth was effected on the same 
soils by the addition of the phosphorus without the 
nitrogen, a significant role for the nitrogen was 
tentatively assigned. From the comparison of re- 
sponses of P. bolanderi and P. contorta it was further 
noted that these species also grew best with the addi- 
tion of both nitrogen and phosphorus. 

Individuals of C. pygmaea and P. bolanderi were 
transplanted to asphalt-coated metal pans, four of 
each being planted on each of the altered soils. Equal 
volumes of the highly acid soil (ME-11—from an 
area where both species occur) were used. The soils 
were altered by the additions of N,, No, Ng, Ns, 
N3P4, and P4. 

Approximately 10 months after transplanting, the 
gradual increase in growth of P. bolanderi individuals 
was correlated with the increasing addition of nitro- 
gen, up to the Nz alteration. The reverse response 
was shown by the individuals of C. pygmaea. The 
growth of individuals of both, however, was reduced 
by the greatest nitrogen alteration. Neither species 
showed a marked response to the phosphate addition; 
but upon the addition of both phosphorus and nitro- 
gen, both species showed their greatest development. 

Since individuals of both species were in the same 
containers, some aspect of inhibition might be in- 
volved in the difference of growth. The slight amount 
of growth of the pine individuals on the lowest nitro- 
gen addition might provide an explanation for the 
cypress species showing its increased growth on this 
altered soil. Likewise, the early growth of the pines 
on the Ns altered soil might account for the reduced 
growth of the cypress on the same soil. In spite of 
these possibilities, it is significant that, shortly after 
transplanting, both the pines and the eypresses 
showed their best growth on the soil which received 
an addition of both nitrogen and phosphorus. The 
most probable explanation of the growth differences 
is that physiological differences characterize the two 
species. The cypress was obviously not well-adapted 
to the soils receiving the greater nitrogen application, 
as is indicated by the lack of survival at these nitro- 
gen levels. All of the cypress seedlings died on the 
Ns and N; altered soils subsequent to transplanting 
and had to be replaced. 

Corralloid mycorrhizae observed on Pinus bolanderi 
were similar to those on individuals grown with P. 
contorta. The least mycorrhizal development was 
on individuals of P. bolanderi ‘on the soil receiving 
both nitrogen and phosphorus. Many mycorrhizae 
were present on the roots of the individuals on the 
other altered soils. The greatest root development 
again occurred on the individuals growing in the al- 
tered soils receiving an addition of NsP4. 
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Errect OF DIFFERENT CALCIUM LEVELS ON THE 
GrowTH OF Cupressus sargentii 

Since C. sargentii had more growth on a serpentine 
soil than on a control soil, in contrast to closely re- 
lated species (Figs. 13, 14), it was singled out for 
further investigation. C. sargentii grows in its natu- 
‘al distribution on the usual calcium level of a ser- 
pentine soil (10-15 percent exchangeable calcium). 
The Mendocino strain of C. pygmaea, which showed a 
strikingly different response to that of C. sargentii 
in producing its maximum yield on the control soil, 
normally grows on a highly acid soil which has a low 
calcium level (approximately 10% exchangeable cal- 
cium) comparable to that of a serpentine soil. While 
the calcium level perhaps is not a critical factor in 
the growth of C. sargentii, this did suggest a line of 
investigation. 

Earlier work on serpentine soils (Walker 1954) 
had utilized the technique of growing plants on ser- 
pentine soils, which had been reconstituted so that 
the percentage of exchangeable calcium on the base 
exchange was varied 3, 6, 13, 25, 56, 80. These re- 
constituted serpentine soils were stored and used in 
the present investigations after a uniform addition 
of N3P, to each soil. Also included was the Bootjack 
serpentine soil (approximately 10% exchangeable 
calcium) from the site of a population of C. sar- 
gentii. Four seedlings of the Bootjack strain of C. 
sargentii which had been germinated on serpentine 
soil were transplanted to asphalt-coated pans filled 
with the appropriate soils. To the same series of 
pans, four seedlings of P. bolanderi were transplanted 
to each soil type. 

Individuals of C. sargentii were capable of grow- 
ing at all calcium levels in the series (Fig. 18). The 
mean height of the individuals on the soil with 25% 
exchangeable calcium was consistently the greatest 
throughout the course of the study, but the heights 
of the individuals at all calcium levels was approxi- 
mately the same. The heights on the 3, 13 and 80% 
levels were nearly equal. The amount of growth on 
the unaltered Bootjack serpentine soil was conspicu- 
ously the lowest. The growth on that same soil with 
the addition of nitrogen and phosphorus was com- 
parable to the growth on the reconstituted soils. 

While there was complete survival of the seedlings 
of C. sargentii on the soil series, the survival of P. 
bolanderi on the same soil series was rather sporadic. 
There was some survival at the higher calcium levels, 
with the greatest average growth on the soil with the 
80 percent calcium. Never were the individuals of 
P. bolanderi as vigorous as those growing on the 
acid soils series in which the response of P. bolanderi 
was compared to that of P. contorta. 

The seedlings of P. bolanderi on the reconstituted 
soils produced predominantly undivided short roots 





Fig. 18. Response of Cupressus sargentii to varied 
caleium level. The percent of exchangeable calcium on 
the base exchange is indicated on each planting. Febru- 
ary 10, 1952. 
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On the unaltered 
dichotomously 


which were covered with root hairs. 
Bootjack serpentine soil, however, 
branched short roots were characteristic, and some 
coralloid mycorrhizal roots were present. Upon the 
addition of the nitrogen and phosphorus to the Boot- 
jack serpentine soil, principally short roots with root 
hairs were produced; although some bifureated my- 
corrhizal roots were present. 

The Anchor Bay strain of C. pygmaea which had 
approximately equal growth on the serpentine and 
control soils in the tolerance testing, resembled the 
sootjack strain of C. sargentii. When C. pygmaea 
and C. goveniana were grown on a series of recon- 
stituted serpentine soils, the growth was retarded at 
the lower calcium levels. 


RESPONSES OF STRAINS OF Pinus attenuata TO 
SERPENTINE AND Acip Sons | 

A strain of P. attenuata (Piat-BD-111) from the 
sandy soils at Bonny Doon and a strain (Piat-PF- 
82). from the serpentine soils on the ridge above Pine 
Flat were transplanted to the series of altered soils. 
A serpentine soil from Bootjack (BJ-9) and a sandy 
soil from Bonny Doon (BD-10) were weighed in equal 
lots. One lot was unaltered, and the remaining lots 
received one of the following treatments: N3P4, Ns, 
CaSO,°7H,0O, CaO and MgS0O,. Four seedlings 
representing each strain were then transplanted to 
each soil type. Measurements recorded nearly 9 
months later are included in Table 14. 

Both strains grew equally well on the unaltered 
serpentine soil. Of the two strains, the Pine Flat 
strain from a serpentine area grew better in the ser- 
pentine soil receiving the NsP, addition (Fig. 19). 
The addition of nitrogen alone to the serpentine soil 
failed to increase the yield of either strain. There was 
no noticeable growth increase for either strain with 
the addition of calcium either in the form of line or 
gypsum to the serpentine soil, although the calcium 


TABLE 14. Responses of Two Strains of Pinus attenu- 


ata to Altered Soils.* 





AVERAGE HEIGHT, CM 





Soil Alteration \Sandy Soil Strain|Serpentine Strain 





Piat-BD-111 | Piat-PF-82 
Serpentine Soil (BJ 7” | 
Unaltered 2.3 2.0 
| eee 4.9 5.8 
= 1S EG Sa eae ee oa 1.9 2.3 
CaSO, 2.3 2.1 
ED is ogee said 2.3 1.8 
OE ee 1.6 1.9 
Sandy Soil (BD-10) 
Unaltered...........| 1.3 1.4 
| ee Pens. | 7.4 3.8 
_ ae eee 5.5 3.9 
CaSO, 1.57 1.3 
LERNER Gre neon 1.47 1.6 
eee 1.9 1.5t 








Final 


*Four individuals of each —_ planted in each soil, May 16, 1951. 
measurements recorded Feb. 5, 1 
tThree of the four individvals: Siibiies 
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Fig. 19. Comparison of response of two strains of 


Pinus attenuata to a sandy soil (left) and a serpentine 
soil (right). A, C: Piat-PF-82, a serpentine strain. B, 
D: Piat-BD-111, a strain from sandy soil. Soils in front 
are unaltered; those in back received additions of nitro- 
gen and phosphorus. February 6, 1952. 


level of the serpentine soil was known to be low. 
The soil being already high in exchangeable magne- 
sium, any additional magnesium might be expected 
to suppress the growth of both strains or perhaps 
favor the growth of the strain which is presumably 
tolerant of a high magnesium level. Of the two 
strains, the serpentine strain did show slightly better 
growth in the soil receiving the magnesium. 

Although both strains showed less growth on the 
unaltered sandy soil than on the unaltered serpentine 
soil, the growth of the Bonny Doon strain was de- 
cidedly greater than that of the Pine Flat strain when 
grown on the sandy soil receiving the addition of 
both nitrogen and phosphorus. The growth of both 
strains was inereased with the addition of nitrogen 
to the sandy soil, but again the growth of the indi- 
viduals representing the Bonny Doon strain had the 
greater growth. There was no marked increase for 
either strain upon the addition of calcium or magne- 
sium to the sandy soil. 

Certain differences concerning the growth habits 
of the two strains were noted during the course of 
the study. After 75 growing days, the individuals of 
the strain from a serpentine soil were consistently 
bent over and purplish on the soil alterations except 
those soils receiving the full NP, addition. The 
purple appearance was characteristic of the whole 
plant on the serpentine soil. Only the bottom leaves 
were purplish on the sandy soil series. In contrast, 
none of the Bonny Doon individuals was purple on 
any of the soils. In addition, the individuals of the 
Bonny Doon strain were erect in their growth habit. 

Dr. J. W. Duffield (oral comm.) stated that some 
of the inland strains of Pinus attenuata have winter 
purpling when grown at the Institute of Forest Ge- 
netics at Placerville, but that coastal lots do not. 
When the two strains used in this study were grown 
in outdoor soil bins at Berkeley, both the coastal 
strain (Bonny Doon) and the inland strain (Pine 
Flat) showed winter purpling, in contrast to their 




















response in the greenhouse. Of four additional 
strains, the two inland strains showed winter purpling 
in the greenhouse and the two coastal strains did not. 
When the four strains were placed outside the green- 
house, however, all four strains showed a similar 
purple coloration after a short time. 

On the serpentine soil series, the strain from sandy 
soils consistently showed greater precocity in the pro- 
duction of mature foliage. Only one plant of the 
Pine Flat strain produced any needles under these 
conditions. In contrast, the strain from serpentine 
soils produced needles on the entire sandy soil series. 
The strain from sandy soils retained juvenile foliage 
on soils except on the NsP4, Ng and CaO additions. 

Admittedly the winter purpling, the precocity of 
secondary foliage production and the bending habit 
of growth are complex matters, but these character- 
istics do provide some estimation of physiological 
differentiation of the two strains used in this study. 
There is no clear-cut differentiation into races show- 
ing a marked tolerance or intolerance to serpentine 
soil, but it is probable that certain physiological dif- 
ferences characterize the many localized, edaphically 
restricted populations of Pinus attenuata. 


GENERAL DISCUSSION AND CONCLUSIONS 


Since each individual reacts to the complex of en- 
vironmental conditions as a result of its own geneti- 
cally-determined physiological tolerances, the species 
with a distributional pattern representing a narrowly 
restricted type might be regarded as a species with 
a narrow tolerance range. Such an interpretation 
suggests that narrowly restricted species are unable 
to grow under conditions other than those to which 
they are restricted. There is an indication, however, 
that species of narrow distribution are able to sur- 
vive, and in many eases are seemingly adapted to, 
conditions in other habitats. Griggs (1940) sought 
to explain the rarity of plant species on the basis of 
competition. A species was rare because it was un- 
able to compete successfully with the common plants. 
Since competition is at best a symbol which includes 
the gamut of individual-environment relationships, 
it strikes far short of an explanation of plant restric- 
tion. In a genetic approach to the problem, Stebbins 
(1942) suggested that the rare species are ones con- 
taining relatively little genetic variability. This homo- 
geneity, suggests Stebbins, “reduces the number of 
ecological niches in which the rare species can com- 
pete successfully with other species.” The older con- 
cepts of “age and area” (Willis 1922) and species 
Senescence (Fernald 1925), add little to the under- 
standing of the narrow restriction of species. The 
age and area concept is theoretically quite sound if 
applied to a flat plain with uniform habitat gradi- 
ents, but is quite unrealistic in terms of the complex 
of gradients with which the species is confronted. It 
demands an expanding genetic adaptability at a defi- 
nite rate. The usage of species senescence in the usual 
Sense is the application of a name without the sug- 
gestion of a process by which it oceurs. Wherry 
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(1944), on the basis of previous work, attempted a 
classification of endemie plants. He suggested two 
main types, primary and secondary. The secondary 
types were of three kinds: a) the environmentally 
repressed, which are those which should thrive and 
expand their area when brought into a habitat unlike 
their native one, b) the genetically repressed, which 
should fail to grow unless their native habitat is 
matehed and ¢) the senescent, which should fail to 
reproduce their kind of expand their planting at all. 
It seems entirely possible that these three types of 
rare plants do occur, but their occurrence has yet to 
be shown decisively. 

Regardless of the size of the area which a species 
covers, the processes underlying the distribution of a 
species should be fundamentally the same. A wide- 
spread species may be responding to a widespread 
oceurrence of a similar set of environmental condi- 
tions. A widespread species which has the ability to 
thrive on the conditions to be found on the periphery 
of agricultural fields could feasibly represent the ul- 
timate in genetic homogeneity. In contrast, the area 
occupied by a species may be relatively small, and yet 
the area may be topographically variable and crossed 
by steep habitat gradients. The species occupying 
such a habitat mosaic, therefore, could be composed 
of individuals of different genetic composition. While 
the possibility exists that a narrowly restricted species 
is one with a depletion of genetic variability, there 
seemingly is nothing obligatory about the relation- 
ship. As with age and area, if the vagaries of the 
environmental complex were not to be taken into con- 
sideration, theoretically the species occupying the 
least area would be the one with the least genetic 
variability. Perhaps genetic homogeneity is a factor 
of considerable significance in many narrowly re- 
stricted species, but it cannot be determined from the 
size of the distributional area alone. Seemingly the 
most realistic interpretation of narrowly restricted 
species is not one which considers them as isolated 
botanical freaks, but one which treats them as differ- 
ing from other species only in their occupying lesser 
area. 

Assembled information on the edaphic restriction 
of plants has been gained largely from observations. 
That certain plants are narrowly restricted to certain 
soil types, and that other plants of widespread occur- 
rence are characterized by localized edaphically-re- 
stricted populations, has been a frequent observation 
where edaphic diversity is evident. From an experi- 
mental standpoint, it has been shown that certain 
edaphically-restricted species are able to grow on 
other soils besides those to which they are geographi- 
cally restricted. For certain herbaceous plants, which 
occur on serpentine as well as other soils, physiologi- 
cally separable races, respectively tolerant and in- 
tolerant of serpentine soil, have been, detected. 

The seemingly anomaly of edaphically-restricted 
species of races being characterized by a broad toler- 
ance for other soil conditions has been apparent 
from the study of many rare plants under laboratory 
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conditions, and it is not without precedent to find 
that a plant which is edaphiecally restricted to serpen- 
tine, limestone or acid soil grows more vigorously on 
a soil which is chemically like an agricultural] soil. 
Why, then, is such a plant narrowly restricted in its 
natural distribution? Experimental evidence suggests 
that there is no required substance (or substances) 
which is unique to the restrictive soils. 
THE ComMon DENOMINATOR 

From the distributional patterns of members of 
certain genera (e.g. Cupressus, Navarretia) in Cen- 
tral California it is apparent that many closely re- 
lated species oceur on soils of an unusual nutrient 
status. While discussing restriction within the genus 
Cupressus, Mason (1946) stressed that the oecur- 
rence of soils derived from parent material similarly 
rich in ferro-magnesian minerals perhaps constituted 
a common restrictive factor for species of Cupressus. 
The possible presence of such a factor in the distribu- 
tion of members of one genus led to a consideration 
of a common denominator in generic distribution. 

The germination on a series of soils by Cupressus 
might strengthen a common denominator hypothesis. 
The germination response of Navarretia could be 
cited as evidence against the hypothesis. Adaptive 
differences to the edaphic nature of the habitat be- 
tween herbaceous genera and the woody genera might 
clarify this different behavior. The woody perennial, 
however, requires a sequence of environmental con- 
ditions for its successive stages of seedling growth 


which is comparable to that required by the annual 
plant. Both requiring a comparable adaptation for 
the uptake of nutrients. In contrast to Navarretia, 
Bromus mollis, an annual, showed a broad tolerance 


of edaphic conditions. It was able to tolerate the 
conditions both of serpentine and of highly acid soils, 
although occurring on neither in its geographic dis- 
tribution. Likewise, the edaphic differentiation of 
Pinus sylvestris in the previously cited case in which 
certain strains from caleareous soils germinated but 
were unable to survive on sandy soils, indicates a 
rather narrow tolerance of edaphic conditions by a 
local race of a woody perennial. 

The size of the seed may be of significance in ger- 
mination and early survival. The larger seeds, capa- 
ble of greater storage of necessary nutrients, might 
germinate on soils of an unusual’ nutrient status. 
However, because of the known behavior of different 
strains of the same species in which seed size is not 
a variable factor, any generalization concerning seed 
size and germination ability would appear untenable. 

It might be argued that a plant which is able to 
accumulate calcium from a soil which is low in this 
element should have an advantage on any edaphic 
situation over the plant not so adapted. Since many 
members of the genus Cupressus grow on soils of a 
low calcium saturation, it might be assumed that these 
species are able to accumulate ample calcium from 
soils of low calcium level. In addition, the experi- 
mental growth of various species has shown that 
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Cupressus can tolerate the deficiencies and toxicities 
which are known to be problems for the growth of 
agricultural plants on serpentine soils. These char- 
acteristics, however, do not allow Cupressus a wide- 
spread distribution in nature. 

If the restriction of Cupressus is analyzed further, 
a multitude of habitat conditions need consideration, 
A study of the biotic influence of cypress canker 
(Coryneum cardinale Wagener), for example, might 
yield clues regarding the distribution of Cupressus. 
Although not noted in native stands of cypress, the 
canker has been the chief cause of the destruction of 
many planted cypresses throughout California. The 
habitat seems to govern the susceptibility of the vari- 
ous species to the canker (Wolf & Wagener 1948), 
The inland species are affected by the canker when 
transplanted to coastal sites, and the coastal strains 
are affected when transplanted to inland sites. This 
variability in host susceptibility leads one to suggest 
that an economy of growth, enforced by the edaphic 
nature of the restrictive habitats, might be an im- 
portant factor in staving off the cankerous infections 
in the native populations. A consideration of light 
intensity might be introduced into the discussion of 
cypress distribution, because cypress is known to be 
intolerant of shaded conditions. Although soil and 
moisture conditions might allow the germination and 
early survival of cypress, the rapid growth of more 
shade-tolerant forms would reduce the possibility of 
its survival in habitats favorable for the growth 
of certain other species. Being often restricted to 
areas which are termed barrens, Cupressus is of the 
tallest growth form that the particular environment 
ean produce. Its ability to grow and reproduce on 
serpentine and highly acid soils assures its status 
among the tallest growth form even if the resultant 
economy of growth of the cypress results in the pro- 
duction of eane-like dwarfs common among the Men- 
docino strain of C. pygmaea. Further, the means of 
seed dispersal of Cupressus is not conducive to wide 
distribution. The seeds, retained in unopened cones, 
usually simply afford a means of regeneration of a 
cypress stand upon destruction by fire or other dis- 
turbance. The fact that areas might exist where cy- 
presses could survive in the status of one of the 
tallest growth forms possibly can be attributed in 
part to the ineffectiveness of the seed dispersal mech- 
anism. The dispersal of seed, however, cannot fully 
explain the failure of cypress to spread beyond the 
limits of the small populations to which it is con- 
fined. 

Five cypress species included in this study might 
be placed in a species-complex, owing to the lack of 
outstanding morphological criteria for their designa- 
tion as completely separable taxa. The geographical 
and ecological restriction of each species, however, 
allows their consideration as more or less distinct 
units. When grown on a series of different soils, 
certain differences of edaphic tolerances characterized 
the different species and, in one species, different 
populations within it. Cupressus abramsiana, which 
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had until recently been included in C. sargentii, was 
noticeably different in its soil tolerances from C. 
sargentii. C. goveniana and C. pygmaea, which are 
restricted to acid soils in widely separated coastal 
sections, showed some differences in edaphic tolerance. 
The two strains representing the two isolated popu- 
lations of C. goveniana and one strain of C. pygmaea 
showed similar responses to edaphic conditions, pre- 
senting their best growth on a control soil; another 
strain of C pygmaea was different in its response, 
having equal growth on the serpentine soil and on 
the control soil. C. macrocarpa and C. goveniana, 


which are restricted to populations about 1 mi. from 
each other, the former species on the ocean bluffs and 
the latter inland, responded similarly to edaphic 


conditions. 

All five members of the species-complex showed a 
tolerance of serpentine soils even though only one 
of the members, C. sargentii, occurs naturally on 
soils of that type. The other members of the com- 
plex are largely restricted to sandy soils, some highly 
acid in reaction. For all of the cypress species, how- 
ever, growth on an unaltered acid soil was markedly 
less than that shown on the serpentine soils. Other 
species, C. macnabiana and C. bakeri, which might 
be considered as members of a second species-com- 
plex, had slightly better growth on serpentine soil 
than on a control soil. 

PHYSIOLOGICAL DIFFERENTIATION 

That physiological differentiation is characteristic 
of a widespread species, is not in question. Various 
workers have demonstrated different responses within 
species which occur over a wide altitudinal or latitudi- 
nal range. There are many widespread species, how- 
ever, which are made up of highly localized popu- 
lations that are interpreted frequently as being re- 
stricted to a similar although discontinuous habitat. 
Isolated populations of such species in California 
are often edaphically restricted, and a consideration 
of certain of these was included in the present study. 

The distribution of Cupressus macnabiana in small 
populations in California might be cited as an ex- 
ample of a widely distributed although highly dis- 
continuous pattern. In some localities it occurs on 
serpentine outcroppings. At others, it is found on 
soils derived from granitic material. The southern- 
most population in the Coast Ranges is on a gray 
voleanic soil, and the northernmost population in the 
same ranges is restricted to a fine, white alluvial soil 
which is highly acid in reaction. The intervening 
populations are largely in areas of serpentine soil. 
Applying Riibel’s theory of replaceability of ecologi- 
cal factors (1935), it might be assumed that the sum 
total of the habitat conditions in each portion of the 
range of C. macnabiana is equal. Although it may 
be that serpentine soil under one climatic situation 
may offer a similar ecological niche to one of acid 
soil under a different climatic situation, such a theory 
does not take into account the possibility of variation 
within the species. 

Strains of C. macnabiana from the different soil 
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types responded very similarly under uniform condi- 
tions. Although representing populations from acid 
soil and from serpentine soil, two strains grew better 
on a serpentine soil than on a control soil. While the 
similarity of the different edaphic sites under dif- 
ferent climatic situations may offer a partial ex- 
planation for the similar response of the various 
strains of C. macnabiana, further studies of variation 
in behavior are needed. 

Pinus attenuata, although locally abundant on cer- 
tain special edaphic widely distributed 
throughout Central California. It is frequently on 
serpentine soils and occasionally the predominant 
member of the vegetation of sandy and shaly soils. 
A strain from serpentine soil proved to be the most 
vigorous when tested on a control soil. Both the ser- 
pentine strain and the strain from sandy soils grew 
equally well on an unaltered serpentine soil under 
uniform conditions. While the physiological differ- 
ence of the strains of P. attenuata, one of which grew 
with Cupressus macnabiana and one with C. 
siana, was not the same as that which characterized 
the strains of cypress nor of the same magnitude as 
that characterizing many herbaceous species, never- 
theless, there are differences of physiological toler- 
ances which are typical of each strain. The better 
growth of the serpentine strain when grown on ser- 
pentine soil and the better growth of the strain from 
sandy soils when grown on sandy soil upon the addi- 
tion of both nitrogen and phosphorus to the soils 
does indicate a certain amount of difference in 
edaphic tolerance. 

The genetic adaptation for the conditions of a 
different habitat than the one in which a eypress 
population characterized the Anchor Bay 


sites, is 


abram- 


occurs 


strain of Cupressus pygmaea. In their ability to grow 


on serpentine soil, the individuals of this population 
resembled C. sargentii. Past hybridization between 
C. pygmaea and C. sargentii could account for this 
characteristic in the Anchor Bay population. In the 
more glaucous nature of the seedlings and the brown- 
ish-black color of the seeds, the Anchor Bay popula- 
tion is intermediate between the more northern popu- 
lations of C. pygmaea and those of C. sargentii. At 
present the Anchor Bay populations are almost equi- 
distant from the Albion populations of C. pygmaea, 
on the north, and C. sargentii populations near 
Guerneville on the south. The present isolation of the 
populations would allow no free interchange of genie 
material; however the geologic record indicates that 
cypresses occurred in many areas in which they are 
absent today, possibly allowing individuals repre- 
senting C. pygmaea and C. sargentii to hybridize in 
the past. For survival in the serpentine habitat per- 
haps only a slight physiological modification is re- 
quired by a plant of acid soils, and the hybridiza- 
tion could have introduced the genes which genetically 
modified this C. pygmaea strain for growth on ser- 
pentine soil. 

The distribution of the Pinus contorta species- 
complex in coastal sites as well as in high montane 
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areas over a wide latitudinal range undoubtedly re- 
quires an especially broad physiological tolerance of 
environmental conditions. That any one population 
expresses only a limited part of the total tolerance 
range of the species-complex is to be expected. It is 
perhaps significant that some variation which was 
shown in the present study might be interpreted as 
being a response to the special edaphic nature of the 
habitat. The marked difference of response of strains 
from two coastal sites, the growth of the strain from 
the Oregon coast exceeded that of a strain from the 
California coast, is difficult to explain climatically. 
The different behaviour may reflect a difference in 
tolerance of edaphie conditions, although length of 
light period could possibly be significant. It was 
noteworthy that the California strain of P. con- 
torta grew less vigorously than a montane strain 
of P. murrayana under uniform edaphic conditions 
at the coastal testing area. . 
COINCIDENTAL TOLERANCE 

Early in the present study a difference in edaphic 
tolerances was indicated by individuals of different 
species from an area of highly acid soils in Mendo- 
cino County. Individuals of Agrostis hallii and Aira 
praecoz, showed an extremely broad tolerance for 
the conditions presented not only by the acid soils, 
but a serpentine soil and a control soil in addition. 
Strains of Achillea borealis from acid soil areas were 
decidedly less vigorous on serpentine soils than strains 
which were from serpentine soils in their natural dis- 
tribution. Individuals of Pinus bolanderi and Cu- 
pressus pygmaea, differed markedly in their re- 
sponses. The pines grew best on the acid soil, and 
merely survived on serpentine and control soils. The 
cypresses grew best on the control soil, less vigorously 
on the serpentine soil and least on the acid soil. In- 
dividuals of another pine species, P. muricata, from 
the same habitat as C. pygmaea and P. bolanderi 
grew vigorously on the control soil. Individuals of 
three shrubby species, Rhododendron californicum, 
Ledum glandulosum and Gaultheria shallon, showed 
an intolerance to serpentine soil, but differed in their 
response to other edaphic conditions. Rhododendron 
and Ledum survived only on the acid soils. Gaultheria 
survived equally well on the acid soil and the con- 
trol soil. Individuals of a strain of Navarretia squar- 
rosa, a species which also oceurs on serpentine soils, 
were unable to survive on serpentine soils. 

The comparison of the behavior of a group of in- 
dividuals of different species from the same area ap- 
pears to throw light on the nature of the plant com- 
munity. A hypothesis that plants growing together 
do so because of a coincidence of physiological tol- 
erances for conditions presented by the habitat is 
founded on a logical and realistic interpretation of 
the distribution of plants. While the overlapping of 
physiological tolerances for the conditions presented 
by this habitat of highly acid soils has determined 
the presence of the various members of the vegetation, 
the actual environment of each individual may be 
quite different from that of another individual. This 
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difference in physivlogical requirements among in- 
dividuals in the same habitat undoubtly is highly sig- 
nificant in the aggregation of species in areas of 
unusual soils. 

While the emphasis in this study has been largely 
upon species which are restricted in their distribution 
to highly acid soils and to serpentine soils, it would 
appear that the restriction of plants to many other 
edaphic situations is in need of investigation. Mem- 
bers of the vegetation of limestone soils, of gypsum 
soils, and of alkaline soils often show narrow restric- 
tion to one soil type or wide distribution in highly 
localized populations. These types of vegetation 
might be investigated to determine the extent of phy- 
siological differentiation within its component mem- 
bers in regard to the edaphic nature of the habitat. 
The investigation of the physiological tolerances in 
relation to the environments of the different individ- 
uals making up the vegetation should allow a basis 
for a realistic interpretation of plant distribution. 


SUMMARY 


1. In the vegetation of the Coast Ranges of Cen- 
tral California there are many examples of nar- 
rowly restricted species. Often the entire distribution 
of a species is confined to an area of serpentine soil 
or to an area of highly acid soil. Many additional 
species occur in highly localized edaphically-restricted 
populations, 

2. Different responses to serpentine soils were dem- 
onstrated by the edaphically-restricted members of 
various genera. Following germinations on serpen- 
tine soils individuals of Navarretia species and races 
not distributed on serpentine soils survived poorly. 
In contrast, Cupressus and Pinus germinated and 
survived on serpentine soils. 

3. Five closely related members of a species-com- 
plex in the genus Cupressus differed only slightly in 
their response to a serpentine soil, an acid soil, and 
a control soil. Cupressus sargentii, a species which is 
largely confined to serpentine soils, grew better on a 
serpentine soil than on a control soil. One strain of 
C. pygmaea showed equal growth on the serpentine 
soil and the control soil. Another strain of C. pyg- 
maea showed its best growth on a control soil. Both 
strains of C. pygmaea were from areas of highly acid 
soil. Cupressus abramsiana, C. goveniana and C. 
macrocarpa, all of which occur on sandy soils, showed 
better growth on the control soil than on the ser- 
pentine soil. 

4, Members of a species-complex in the genus Pinus 
responded variously to a series of edaphic conditions. 
P. bolanderi, a narrowly restricted member, had only 
slight growth on a control soil and a serpentine soil. 
It had very vigorous growth on the acid soil to which 
Cupressus had responded only slightly. A strain of 
P. bolanderi, a narrowly restricted member, had only 
slightly better growth than P. bolanderi on the control 
soil, but a strain of P. contorta from the Oregon 
coast grew vigorously under the same conditions of 
growth. 
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5. Various strains of Pinus attenuata from ser- 
pentine and non-serpentine sites germinated equally 
well on serpentine and on highly acid soils. A strain 
from serpentine soils grew more vigorously on a 
control soil than did a strain from acid soils. 

6. Achillea borealis clones were transplanted from 
areas where Cupressus species are restricted. The 
clones from acid soils had reduced growth on a ser- 
pentine soil. The clones from serpentine soils grew 
vigorously both on the serpentine soil and the control 
soil. 

7. One strain of Agrostis hallii from the coastal 
plateau of Mendocino County grew approximately 
equally on a serpentine soil, an acid soil and a con- 
trol soil. Other strains representing populations from 
acid soils or serpentine soils grew more vigorously on 
the serpentine soil than the other soils. 

8. Seedlings of C. goveniana and C. pygmaea grew 
vigorously upon the addition of nitrogen and phos- 
phorus to three soils. The addition of calcium to one 
of the acid soils and to the serpentine soil increased 
the yield of seedlings of C. goveniana but depressed 
the growth of those of C. pygmaea. The addition 
of magnesium to the same soils had the reverse effect 
on C. pygmaea. 

9. Pinus bolanderi and P. contorta, from the Men- 
docino coastal areas, grown on a series of altered 
acid soils, had similar responses. The best growth 
was upon the addition of nitrogen and phosphorus. 
Vigorous seedlings of both species grew at a pH of 
3.0-3.5. 

10. Strains of Cupressus pygmaea and Pinus ho- 
landeri from the same area of highly acid soils re- 
sponded differently to the addition of nitrogen in 
graded amounts. The pine individuals showed in- 
creasing growth with the greater nitrogen levels. In- 
dividuals of C. pygmaea showed an inverse response. 

ll. Seedlings of Cupressus sargentii grew approxi- 
mately equally well on a series of reconstituted ser- 
pentine soils at calcium levels which varied from 3 
to 80%. 

12. Strains of Pinus attenuata from serpentine 
soil and from sandy soil, showed a tolerance of un- 
altered serpentine and sandy soils. With the addi- 
tion of nitrogen and phosphorus to the serpentine 
soil, the serpentine strain was more vigorous. A 
similar addition to the sandy soil produced better 
growth by the strain from sandy soil. Differences of 
precocity of needle production, of winter purpling 
and of habit of growth characterized the strains 
under uniform conditions. 

13. That a common denominator of physiological 
tolerance characterizes a genus, as do morphological 
features, was found to be untenable. In certain 
genera (e.g. Cupressus) which occur on a series of 
different edaphic situations, including both serpen- 
tine and highly acid soils, different species showed 
4 similar range of tolerance for edaphic conditions. 
In other genera (e.g., Navarretia) with a similar 
edaphic elaboration, certain species or strains of 
species were highly intolerant of ‘serpentine soils. 
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14. Physiological differentiation was shown to be 
strongly developed within strains of an annual 
(Navarretia) and a perennial herb (Achillea), but 
was not found to be as well developed in strains of a 
certain shrub (Gaultheria) or certain trees (Pinus, 
Cupressus). 

15. When the responses of individuals represent- 
ing a number of species which were growing together 
in a particular area of serpentine soils or acid soils 
were compared, striking differences were shown. The 
eleven species from a highly acid soil which were 
tested on a series of soils varied in response: best 
growth and survival on an acid soil (Pinus bolan- 
deri), equal growth on an acid soil, a serpentine soil 
and a control soil (Agrostis hallii), equal growth 
and survival on an acid soil and a control soil (Gaul- 
theria shallon) and best growth on a control soil 
(Cupressus pygmaea). These studies strongly sug- 
gest that the plant community is the result of the 
overlapping of different tolerance ranges of the com- 
ponent individuals for environmental conditions pre- 
sented by a particular habitat. 
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INTRODUCTION 


As a co-author of the monumental volume, Prin- 
ciples of Animal Ecology (Allee et al. 1949), O. Park 
does much to clarify and extend our understanding 
of the ecotone. For over thirty years this term has 
appeared in the literature usually with reference to 
terrestrial habitats (Weaver & Thiel 1917; Pool et 
al. 1918), but there was always some question as to 
its scope. Could it be applied to a biome or to an 
individual? Park (Allee et al. 1949) believes it to 
be a unique aspect of the community level of organ- 
ization. He conceives of it as a tension area always 
formed when two or more communities are in contact. 
Other ecologists (Annandale 1922; Cain 1944; Braun 
1950) have also observed that the ecotone is a transi- 
tional area to which adjacent communities contribute, 
and they have noted further that broad ecotones re- 
sult when controlling environmental conditions change 
gradually whereas narrow ones are due to abrupt 
changes. 

Keotones are zones of great biotic and physical- 
chemical instability. This does not mean that they 
are necessarily temporary or that because the Clem- 
entsian community classification does not always ap- 
ply to them they are any less significant as ecological 
entities (Shelford et al. 1935; MacGinitie 1939). 
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Ecotones are as typical of the natural environment 
as their stable neighboring communities; the very in- 
stabilty of the ecotone resulting in a wide range of 
conditions has led to the development of unique 
characteristics which may include a representative 
fauna and flora (Shelford et al. 1935; Clements & 
Shelford 1939; Allee et al. 1949). 

Coactions among organisms and the action of the 
environment on them eause a high rate of mortality 
in tension zones (Shelford et al. 1935). Not only is 
an animal that is faced with living out of its ae- 
customed, relatively stable community confronted by 
conditions for which it may be unadapted, but also 
the wide range of conditions in the ecotone may tend 
to tax to the limit its genetic capacity, physiological 
toleration, and social integration. Species which can 
tolerate such drastic conditions are relatively few 
although the number of individuals may be high 
(Stopford 1951). Both relict (Annandale 1922 
and rare forms (MacGinitie 1935) may survive in 
such areas. Often there may be such a display of 
peculiar adjustments that ecological valence previ- 
ously unknown and unexpected may be revealed; 
furthermore, the absence of a species that might be 
expected in a certain ecotone may be as significant 
ecologically as its presence (Hesse et al. 1937). 
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Enough data have been recorded incidentally con- 
cerning characteristic ecotone organisms that ecolo- 
gists, geneticists, physiologists, and embryologists 
have become interested in this natural experiment 
which subjects every phase of an organism’s life 
to a wide range of stresses. To date, studies have 
been made on ecotones which lie between two com- 
munities on land (Pool et al. 1918; Veatch 1932; 
Beecher 1942) or on ecotones between land and water 
(Shelford et al. 1935; MacGinitie 1935, 1939; Pearse 
et al. 1942; Dexter 1947). Work is just beginning 
in this country on the study of the ecotone between 
freshwater and marine communities, viz., the estuary. 
In England there is an active group studying various 
aspects of this habitat (Pantin 1931; Alexander et 
al. 1932; Nicol 1935; Spooner & Moore 1940; Stop- 
ford 1951). 

Shaler (1885), in his paper on sea-coast swamps 
of the eastern United States, gave the location of 
many sites for study of the estuarine ecotone. To- 
day thousands of square miles of estuary and salt 
marshes are still left for investigation in spite of 
the encroachments of man (Bourn 1950; Miller & 
Egler 1950). On the east coast of the United States, 
Gowanloch & Hayes (1926), Dexter (1942, 1947), 
Pearse et al. (1942), and Carricker (1951) have car- 
ried on studies of certain aspects of the estuarine eco- 
tone while MacGinitie (1935, 1939) and Shelford et 
al. (1935) have studied similar conditions on the west 
coast of this country. It is too early to make many 
comparisons among these studies carried on in differ- 
ent parts of the world, but the limited data available 
indicate the presence of ecological equivalents and, 
in some cases, identical genera and species in these 
widely scattered unstable environments (Gowanlach 
& Hayes 1926). 


i 





Fig. 1. Map of area studied. Rand’s Harbor appears 
as a Y-shaped body of water opening into Megansett 
Harbor, an arm of Buzzards Bay. (North is toward the 
top of the map.) Seale: 1 in. equals 2080 ft. 
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Various geological studies of the eastern coast of 
United States and Canada have revealed that this 
coast has not remained stable (Shaler 1885; Pen- 
hallow 1907; Johnson 1925; Barghoorn 1953). Dis- 
regarding the interpretation of several theories con- 
cerning the present condition of the northeast coast 
with reference to its rising or sinking, there is gen- 
eral agreement that in the not too distant past, sink- 
ing did take place (Johnson 1925; Barghoorn 1953), 
Not only have valleys on the mainland been drowned 
by the invasion of the sea but also freshwater swamps 
and bogs. An example of the latter was discovered 
and deseribed by Bartlett (1900) at Quamquissett 
(now Quissett) on Cape Cod near Woods Hole, 
Massachusetts. At some time, a narrow barrier of 
land was eroded by wave action, allowing sea water 
from Quissett Harbor to enter a bog. To the present 
day, dead stumps of the white cedar, Chaemaecyparis, 
remain although the character of the freshwater bog 
has changed completely to that of a small estuary 
 . 
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Fig. 2. Airplane view (1946) of Rand’s Harbor and 
adjoining freshwater ponds which drain into the arms 
of the harbor. Mouth of Squeteague Harbor lies sev- 
eral hundred yards north of Rand’s Harbor. (North 
is at top of photograph.) Seale: 1 in. equals 600 ft. 
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and tidal-marsh. There is good evidence that this 
phenomenon has been repeated many times on other 
parts of Cape Cod as well as the mainland (Pen- 
hallow 1907; Heusser 1949; Miller & Egler 1950). 

We are especially indebted to Dr. George L. Clarke 
of Harvard University and the Woods Hole Ocean- 
ographie Institution for continued interest and sug- 
gestions concerning every phase of this work; to 
Mrs. F. J. Brainerd for her codperation; to the 
Woods Hole Oceanographic Institution for supplying 
boats and equipment; and to the Marine Biological 
Laboratory for research accommodations. We also 
wish to thank the following: Miss Joanne Currier, 
Dr. W. T. Edmundson, Mr. Richard Foster, and Dr. 
Elisha Atkins for assistance at various times; Dr. 
Edward Moul for identification of rooted plants; 
Dr. Marian Pettibone for identification of Annelida. 
In the summer of 1953 the late Dr. W. C. Allee 
visited Rand’s Harbor, and two months before his 
death, reviewed the manuscript, making many val- 
uable suggestions. Dr. C. G. Goodchild and Mr. Don- 
ald Dobbs aided in the preparation of graphs and 
photographs. 


THE AREA AND THE PROBLEM 


Almost thirty years ago at Megansett, Massachu- 
sets (Fig. 1) at a point a few miles north of the 
site studied by Bartlett (1909), Rand’s Harbor (Fig. 
2) was built by enlarging two salt ponds and dredg- 
ing the small stream that had been their common out- 
let into Buzzards Bay, thus allowing a free tidal 
exchange. During the last ten years the outlet has 
become choked with sand allowing small craft to enter 
only at high tide. The two arms are unequal in size, 
the south arm being 1300 feet in length and the 
north one only 850 feet long. Both arms are nar- 
row, but at their upper ends widen and deepen into 
basins, that of the larger arm being somewhat over 
400 feet across at its widest part. The depth of this 
basin is not over twenty-five feet at high tide level 
while the basin of the smaller arm is not quite as 
deep. Each of the two arms of the harbor has a 
freshwater stream emptying into it from adjacent 
freshwater ponds (Fig. 2); in addition, freshwater 
springs boil up from the bottom in the upper reaches 
of each arm; and fresh water seeps in from sur- 
rounding Typha marshes. Often a layer of cold 
freshwater five to six inches deep covers the warmer 
salt water in the upper reaches and may extend half 
way to the outlet (Ketchum 1951; Rawn 1951). 

Although artificially formed, Rand’s Harbor is a 
typical estuary. Not only is its fauna strikingly 
similar to that of other estuaries but the rooted vege- 
tation is also typical for such areas. The zonation 
of the following plants growing during the period 
of observation is shown (Fig. 3): below low tide, 
Zostera marina L. and Ruppia sp.; in the intertidal 
zone, Spartina alterniflora Loisel, Spartina patens 
(Ait.) Muhl., Scirpus americanus Pers., Salicornia 
ambigua Michx., and Limonium carolinianum (Walt.) 
Britt.; and at high and spring tide levels, Am- 


A Srupy oF THE Bottom Fauna oF RAND’s HARBOR 





Buzzards Bay 





RANDS HARBOR 
MEGANSETT, MASS, 





Key: “ 

tii! Ammophila breviligulata 

Iva oraria 

9% Limonium carolinianum 
Ruppia maritima 

St Salicornia ambigua 

Scirpus americanus 

Sm Spartina sp. 

@i Zostera marina 












Fig. 3. Map of Rand’s Harbor showing the location 
of rooted vegetation. 


mophila breviligulata Fern., Iva oraria (Bartlett) 
Fern. & Grise., and Solidago sempervirens L. 

The bottom and foreshore of Rand’s Harbor are 
composed of sand, mud, gravel, and peaty plant 
debris, the first two being most prevalent (Fig. 4). 
Deposits of pure sand have partially filled the com- 
mon mouth of the two-armed harbor, and a relatively 
broad, sandy beach lies along the outer side of the 
larger arm. For most of its length this beach is a 
gradual slope with a strip of Spartina paralleling 
the shore between high and low tide levels (Fig. 3). 
From about the 400-ft transect to a little beyond 
the 800-ft transect, this shore line is modified by 
the presence of a steep, peaty bank rather than a 
sloping, sandy beach (Fig. 5). A narrow strip of 
sand occurs on the outer side of the smaller arm. 
On the inner side of both arms, the banks are gen- 
erally steep and peaty with sand below the low tide 
level. The central area of both arms and their 
basins (Fig. 4) is almost all a black tenacious mud 
reeking of hydrogen sulphide. Here and there some 
peat clods may be found, and in the basins of both 
arms there is some gravel. In the larger basin there 
are sizeable deposits of gravel mixed with the sand 
on the shallow convex side and smaller deposits be- 
tween the 1300-ft transect and the outlet of Flax 
Pond. A brown muddy gravel is found in and around 
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bottom springs. At the extreme end of the smaller 
arm still more diversity in substrate is found; there is 
a cobbly gravel which grades off to a lighter gravel 
at the inlet of the herring run. 
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Fig. 4. 
bottom in intertidal area and slope. 
area is black mud. 


of vertical shore at mid-tide on 
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Fig. 5. A _ section 
the outer side of the south arm. 


marsh grass Spartina, the ribbed mussel, Brachidontes 
demissus, is embedded in peaty substrate. 
taken in 1950.) 


(Photograph 
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Sinee it is generally accepted that bottom fauna is 
one of the more significant indices of ecological con- 
ditions obtaining in various marine habitats (Sum- 
ner 1908; Petersen 1911; Allee 1923; MacGinitie 
1939; Gowanloch & Hayes 1926), it was chosen for in- 
tensive study. In his 1913 and 1915 papers, Petersen 
discussed the importance of quantitative dredging 
and the use of profiles for an accurate sampling of 
bottom fauna. Rand’s Harbor lends itself admirably 
to an application of his methods. The harbor is 
small and although a few shellfish are harvested 
annually, it is for the most part undisturbed either 
as a fishing area or as an anchorage for small boats. 
It was in this small estuary that the work to be 
reported was carried on in an attempt to make an 
ecological study of the forms that were present, the 
conditions affecting their local distribution, the ex- 
tent of their fluctuation in numbers, what factors 
caused these fluctuations, and to test whether the 
ecotone concept applies to such an area. 


MATERIALS AND METHODS 
Borrom SAMPLING 
The bottom fauna of Rand’s Harbor was collected 
systematically during the summers of 1946, 1948, 
1949, and 1950. In 1946 the basins of both arms 
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Fic. 6. Map of Rand’s Harbor with transects indi- 
cated by eapital letters and sampling stations in Arabic 
numerals along the transects. Contours represent 
depth in fathoms. Total volume=84,100 m*. 
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were studied and in 1948 only the basin of the south 
arm was considered. Complete samplings were made 
in 1949 and 1950 while less complete data were col- 
lected in the summers of 1951 and 1952. 

Permanent transects were established across each 
arm of the harbor (Fig. 6) and used to guide sam- 
pling of various substrates over a period of several 
summers. Since the lower reaches of each arm were 
uniform as to width, depth, velocity of current, and 
type of bottom, transects were established at 200-ft 
intervals starting at 0 station at a point between the 
two arms. In the irregularly shaped basins with their 
greater variety of conditions, transects were placed 
closer together. In both basins, collecting was done 
along transects placed 100 feet apart, and in the 
smaller north basin, the last transect was at a fifty- 
foot interval. Eight transects were established in the 
south arm with an additional one added in 1950 at 
the 1300-ft transect. Because of its smaller size, 
only seven transects were established in the north 
arm. Seven samplings were usually made across 
each of the permanent transects (high and low tide 
levels, slopes, and channel, Fig. 7), but in the basins, 
where the slope and channel widened, more than one 
sample was taken from these areas. 
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Fic. 7. A diagrammatie representation of a typical 


transect in the small north arm. Numbers indicate 


sampling stations. 


Different methods for bottom sampling were used 
depending upon the depth of water and character of 
the bottom. Since there is a 4.5-ft tide in Rand’s 
Harbor, sampling was usually made at low water. 
A spade was used for sampling at both high and 
low tide levels. Occasionally, when the tide turned 
before operations were completed, a post-hole digger 
was employed to take samples at the submerged low 
tide mark. 

During the summers of 1946, 1948, and part of 
1949, a modified Ekman dredge (Fig. 8) was used 
for sampling on the slope and in the channel. In 
the latter part of the summer of 1949 and 1950, this 
dredge was replaced with a Hayward Dwarf Orange 
Peel No. 1 grab (Fig. 9). Both grabs were operated 
manually by two men working from one or two row- 
boats. In most eases, when dredging in the lower 
reaches of both arms, neither current nor wind was 
strong enough to necessitate special measures for 
maintaining position on the transect under considera- 
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tion. In the larger south basin, however, it was 
found expedient to string a light stainless steel cable 
across it to mark the transect. By tying the rowboat 
to the cable while dredging, it was possible to main- 
tain position even on windy days or when the tide was 
running. 
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Fig. 8. Photograph of modified Ekman dredge. By 


hauling simultaneously on ropes attached to lever-arms, 
jaws of dredge are closed. 


The Ekman dredge, modified by Dr. Edward §. 
Deevey, Jr. for dredging in shallow water by the 
addition of long, detachable, pole-handles of differ- 
ent lengths, was especially suitable. Accuracy in 
placing the dredge was increased by having a central 
handle. Ropes attached to a closing device also 
facilitated pulling up the dredge after each sampling 
operation. The modified Ekman dredge was excellent 
for sampling in the channel and basins, for its jaws 
penetrated the soft muck with ease and closed readily. 
However, in sandy or rocky areas, the jaws became 
so badly fouled that they often “froze.” For this 
reason this dredge was abandoned for the more 
versatile Hayward Dwarf Orange Peel No. 1 grab. 
The four jaws of this small but heavy grab pene- 
trated all substrates since the water was sufficiently 
deep to allow a free fall. It operated particularly 
well on the harder substrates and its canvas sleeve 
held adequately even the softest ooze while the sample 
was being brought aboard. 

The quantity of the samples taken (482 em?) was 
based arbitrarily upon the sampling area of the 
Ekman dredge. Fortunately, the sampling area of 


the Hayward grab closely approximated this and 
whenever any other method of sampling was used, 
care was taken to remove samples of the same area. 
For several summers, volumes of samples were also 
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Fig. 9. Photograph of Hayward Dwarf Orange Peel 
No. 1 grab with canvas sleeve removed. Single cable 
served both to lift dredge into boat and to close jaws. 


measured, but this procedure was abandoned when 
it was found that the animals collected were in the 
upper few centimeters of the substrate, and that 
there was no correlation between volume of sample 
and the number of animals present. 

Animals collected by way of the various methods 
used were effectively freed from sand and mud by 
screening through wire screens of 1.5 mm aperture. 
Gravel, plant debris, and the shells of dead mollusks 
were picked out of the screening boxes and dis- 
carded. Identification of the living specimens was 
made immediately in the field and the pertinent data 
regarding them recorded. Immature forms were 
identified to genus only and were not considered to 
represent an additional species if one had already 
been recorded for that genus. Forms too small to 
be seen with a 20X hand lens were taken into the 
laboratory for further examination under higher 
magnification. A few animals which could not be 
identified by the authors were turned over to experts 
for determination. By identifying animals in the 
field, the forms were observed undistorted, undis- 
colored by preservatives, and the smaller specimens 
were not lost through several transfers. Still an- 
other advantage was that the characteristic behavior 
of the living animal aided in its identification. 

One of the serious drawbacks of the technique of 
quantitative dredging is that active forms such as 
Callinectes sapidus and Pecten irradians, sedentary 
forms with discontinuous distribution like Anomia 
simplex and Crassostrea virginica, and rare forms 
like the green frog Rana clamitans are seldom if 
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ever taken by this method. To offset this difficulty, 
an effort was made to record the presence of such 
animals and to estimate whether their numbers had 
increased or decreased as compared with each previ- 
ous year. By combining these two methods of syste- 
matic quantitative sampling and estimation, a more 
accurate ecological appraisal of the area studied was 
obtained. 
PuysicAL-CHEMICAL PROCEDURES 
Records of water temperature, salinity, and pH 
were made during the summer months of 1946, 1948, 
1949 and 1950. In 1946 they were continued into 
late January and in 1950 readings were made as late 
as October. 
TEMPERATURE 
A Nansen water bottle with reversing thermometer 
was used to sample bottom water layers. Whenever 
bottom samples of muck or muddy sand were brought 
aboard, a thermometer was thrust into them and 
readings taken immediately. Temperature of sur- 
face water was taken by submerging the thermometer 
to a depth of a few centimeters. 
SALINITY 
Both fresh and salt water hydrometers were used 
to measure density of water samples brought up by 
the Nansen water bottle. At low tide, test holes 
were dug in the foreshore of the beach in the upper 
reaches of the south arm and the density of the 
water filling them was taken. Salinities were de- 
termined from the density and temperature records 
by employing density nomographs prepared by the 
United States Navy Hydrographic Office in Wash- 
ington, D. C. 
HYDROGEN ION CONCENTRATION 
Water samples were taken into the laboratory as 
soon as possible after a trip to Rand’s Harbor and 
pH determinations were made with a Beckman glass 
electrode meter. 
HYDROGRAPHY 
Volume of the ealeulated from shore 
measurements and soundings. Water movement due 
to winds and tidal currents was investigated by means 
of wood and metal vanes adjusted to reach depths of 
0,1, 2, and 3 m. Several kinds of floats were used; 
none was found satisfactory. 
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RESULTS 
PHYSICAL-CHEMICAL 

Since observations on the behavior and distribution 
of the bottom fauna of Rand’s Harbor were made 
primarily in the summer months during the season of 
feeding, breeding, and reproduction, particular sig- 
nificance is attached to the physical-chemical data 
recorded in that period. References are made to 
temperature readings taken in the late fall and early 
winter because extremes vecurring at those times 
probably affected survival of some species and the 
zonation of others. Only summaries of the physieal- 
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chemical data are presented because it was discovered 
that the compiled data showed a fairly narrow range 
of variation and such an abbreviated presentation is 
sufficient to show the fluctuations and gradients of 
conditions occurring in the two arms of the harbor. 


TEMPERATURE 

Since both arms had little protection from wind 
and direct sunlight, surface temperatures showed a 
greater variation than those of deeper water. By 
the end of November, ice formed on the surface. Ice 
was formed regularly in both arms, especially along 
the margins. 

In 1946, bottom temperatures from June to Sep- 
tember fluctuated in the narrow range of 19°-22°C. 
By the end of November bottom temperatures fell 
to 10°C and by late January to 3°C. 

Bottom temperatures in 1949, between the months 
of June and September, varied from 21.3° to 26.0°C 
with the majority of the readings between 23°-24°C. 
The lowest temperatures occurred in the deep muddy 
areas and at low tide mark during ebb tide. 

During the same months in 1950, Pierce & Currier 
(unpublished) recorded bottom temperatures of 20.5°- 
25.5°C, with temperatures between 22°-24°C being 
most common. At the areas of seepage along the 
banks, the temperatures were between 17°-19°C. 

SALINITY 

There were two areas in Rand’s Harbor with wide 
fluctuations in salinity: around the freshwater inlets 
and in the surface film of the upper reaches of each 
arm. Readings as low as 5 ppm were taken in the 
surface film and, at low tide, zero salinity was found 
over areas where freshwater springs up-welled. The 
run-off of heavy rains also caused freshening in the 
more shallow areas. 

In 1946, when extensive records of bottom salini- 
ties were kept from June to September, readings 
were in the narrow range of from 27 to 29 ppm. In 
the summer of 1949, when fewer readings were made, 
the range was found to be between 27.9 and 30.2 
ppm. During that summer comparative readings 
taken in Buzzards Bay were 30.4 to 31.1 ppm. These 
were taken in a region south of the jetty protecting 
the mouth of Rand’s Harbor and thus not diluted by 
water issuing from the harbor. 

To get a still better comparison with conditions 
outside of Rand’s Harbor, in 1950 readings (Pierce 
& Currier, unpublished) were taken at an exposed 
point just below Nobska Light near Woods Hole. 
Here the salinity was 31.17 ppm, approaching that 
of the open sea. During that same period, readings 
in the streams flowing into Rand’s Harbor and in 
seepage areas along the banks gave practically zero 
salinities. Bottom samples near the margin just be- 
low the low tide level were 30.0 ppm at 0 point 
between the two arms and 30.1 at the 1140-ft level 
in the south arm. Readings taken behind the jetty 
in Buzzards Bay were not significantly different from 
the summer before. ; 

Late in August 1951 at ebb tide above low water 
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level, three holes were dug in the foreshore at the 
extreme upper end of the larger basin. One of these 
holes was in gravelly mud, another somewhat less 
gravelly area among Upogebia holes, and a third 
close by in soft mud. Water percolated into all of 
these pits. Samples of such water were taken and 
salinities determined. 

Following such a procedure in the muddy foreshore 
of the river Tees, Alexander, Southgate & Bassindale 
(1932) found that water retained in the mud of the 
foreshore was several times more saline than adjacent 
ebb tide water. The results obtained at Rand’s 
Harbor were strikingly different since the following 
was found in ppm: mud, 2.9; Upogebia holes, 3.7; 
gravelly mud, 4.0. The salinity of water taken close 
by in the main channel, where a spring of fresh water 
evidently bubbled up through the bottom sediments, 
was 5.1 ppm. In spite of this low salinity the area 
supported a dense bottom fauna. 

HYDROGEN ION CONCENTRATION 

Little study has been made of pH values in the 
various regions of Rand’s Harbor. In 1949, the pH 
values varied from 7.0 to 7.4 with no apparent 
gradation from mouth to head of either arm. In 
1950, values varied from 7.1 to 7.6 with no gradient 
from mouth to head. In the same vear, readings 
on the south or seaward side of the jetty in Buzzards 
Bay at the mouth of the Harbor were 7.3 to 7.6, 
while pH values of the inflowing streams and seep- 
age areas at the head of the arms were 6.1 to 6.5. 

HYDROGRAPHY 

The total volume of Rand’s Harbor was calculated 
by assuming that the rectangular portions were one 
half of a cylinder whose cross-section is an ellipse, 
while each basin was assumed to be a segment of 
a sphere. Using the formula 14 = ab multiplied by 
length, the volume of the elliptical section was found. 
The volume of the approximately circular basin was 
x r? multiplied by the average depth of water in each 
basin. Volume of the large arm and common chan- 
nel was found to be 70,400 m?; volume of smal] arm 
was found to be 13,700 m* making a total volume of 
84,100 m*. Volume of the harbor was also calculated 
by dividing the arms into rectangles with 200-ft 
lengths, based on the transects, and constructing tri- 
angles in the circular basins. The sum of the volumes 
was substantially the same as the volume stated above. 

Volume of water discharged into Buzzards Bay 
as the tide ebbed was calculated by adding together 
the areas of each arm multiplied by the tidal range 
of 1.3 m. This volume was approximately 29,000 m? 
or 37% of the total volume. To row a boat through 
the narrow entrance at half tide required considerable 
effort to stem the outflowing stream: a graphie indi- 
cation of the volume of water leaving the harbor. 
The amount of harbor water entering at the next 
incoming tide has not been determined. The investi- 
gation of tidal currents and turbulence by setting out 
and tracking weighed floats indicated that cireula- 
tion in the harbor is quite complex and that the 
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freshwater seeps out of gravelly beach where live clumps of the barnacle, Balanus eburneus. 


present data are insufficient to merit consideration 
in this paper. 

Each arm of Rand’s Harbor is fed by a stream 
from an adjoining pond (Fig. 2). Inflow from these 
streams amounts to approximately 12,600 m? of fresh 
water per day. At this rate the two arms could be 
filled with fresh water in less than one week. Since 
freshwater springs boil up from the bottom in the 
basins of each arm and seepage (Fig. 10) adds still 
more, the total amount of freshwater, other than 
rain, to enter Rand’s Harbor is somewhat higher 
than the above estimate. 

While a careful study of the mixing process of 
fresh and salt water in Rand’s Harbor would have 
been desirable, the present investigation was more 
concerned with the resulting conditions, since these 
were the conditions affecting the bottom fauna. 


Biotic 


GENERAL OBSERVATIONS 
The data on the bottom fauna collected during this 
study are summarized in Table 1. In addition to 
the name of each animal found, the record includes 
the year, the number of individuals in each species 
collected, and the arm and transect where the indi- 
viduals were found. In spite of the relatively small 


size of Rand’s Harbor, the bottom fauna was, with 


a few exceptions, typical of estuaries of the north- 
eastern coast of the North American continent and 
showed many similarities to fauna of European estu- 
aries. 

Although observations were made over a period of 
seven years, it is difficult or impossible to make 
generalizations or predictions of population trends. 
Animals showed shifts in location from year to year, 
fluctuation in numbers in the same location or even 
disappeared entirely, and no correlation could be 
found between the variations and physical-chemical 
conditions. This is not surprising since estuaries are 
among the most unstable of all habitats. One con- 
sistent difference, however, lasting over a period of 
years, was that there were more different species of 
invertebrates living in the larger south arm of Rand’s 
Harbor than in the smaller north arm. 

The occurrence of another and larger estuary, Sque- 
teague Harbor (Fig. 1), a few hundred yards north 
of Rand’s Harbor presents an unusually good op- 
portunity to test an obvious but unproved assump- 
tion that estuaries possessing very similar qualities 
of temperature, salinity, tidal exchange, and latitude, 
to mention a few, might exhibit a direct correlation 
between size of estuary and wealth of bottom fauna. 
For years, Squeteague Harbor was one of the col- 
lecting areas for the course in Invertebrate Zoology 
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TABLE 1, Frequency and distribution of bottom fauna of Rand’s Harbor. No collections were made in 1947. 
Incomplete collections were made in 1946 and 1948. Stations along all transects were collected in 1949 and 1950. 


Only the years in which animals were taken are recorded here. 
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Table 1, Continued 
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Table 1, Continued 
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of the Marine Biological Laboratory at Woods Hole, 
Massachusetts, and records of mainly bottom fauna 
were kept as a part of the archives of that course. 
For the summers of 1946, 1948, and 1949, 125 species 
were identified. During comparable summers of 
1946, 1948, 1949, and 1950, 63 marine species were 
identified from the larger south arm of Rand’s Har- 
bor and only 49 were taken from the smaller north 
one. While the largest estuary thus has the largest 
number of species, there were 18 species taken from 
the two arms of Rand’s Harbor which were not listed 
for Squeteague. It must be said, however, that a 
more thorough study of the latter harbor might have 
revealed the presence of those forms. Classes studied 
only the intertidal zone, while dredging in the chan- 
nel and basin of Squeteague might have resulted in 
the discovery of a still greater number of species. 

The greater wealth of fauna of the larger estuary 
may be attributed partly to physical conditions. Since 
the pumping action of Rand’s Harbor is so pro- 
nounced and as no significant expanse of mudflat is 
exposed at low tide, most of the fauna found was 
either burrowing or lively enough to escape being 
swept into Buzzards Bay by the ebbing tide. In con- 
trast, the mudflat of Squeteague Harbor is extensive 
and like those studied by MacGinitie (1935) on the 
west coast, supports for relatively long periods of 
time atypical forms swept in from other habitats. 
The Porifera, Coelenterata, Platyhelminthes, Bryozoa, 
Echinodermata, and Chordata are all found in Sque- 
teague Harbor while representatives of these phyla 
are lacking in Rand’s Harbor except for two burrow- 
ing species, Leptosynapta inhaerens (O. F. Miiller), 
an echinoderm, and Saccoglossus kowalevskyi (A. 
Agassiz), a chordate. Many times, large numbers of 


the sponges, Microciona, Cliona, Halichondria, and 
Haliclona have been observed at Squeteague and, al- 


though entirely separated from their natural habitats, 
were apparently in a healthy condition. 

One of the forms typical of Squeteague Harbor 
which was curiously lacking in Rand’s Harbor was 
the lug worm, Arenicola. One explanation for its 
absence may be the inflow of acid water from the 
adjoining boggy ponds and the presence of old pitch 
pine stumps that may also add acids and resins to 
the water (Carricker 1951). 

A comparison of the range of the estuarine species 
reported from Squeteague and Rand’s Harbors with 
the range of the total marine invertebrate fauna 
of the Woods Hole region revealed a situation which 
may be the result of the peculiar conditions which 
occur in estuarine ecotones of northeastern America. 
Both Sumner et al. (1911) and Allee (1923) recorded 
the fauna of Woods Hole and vicinity. Taking 
Woods Hole as a center, the range of most inverte- 
brates was determined by noting whether they had 
spread twice as far north as south, or twice as far 
south as north. The animals were then classified as 
“north ranging” or “south ranging” respectively. 
Sumner and Allee both recognized animals as having 
a “mid-range” when distribution was about equal 
on both sides of Woods Hole and some forms were 
classified as doubtful if their range was uncertain or 
their distribution unknown. Animals with a re- 
stricted range around Woods Hole, Allee called “lo- 
eal” and those that were found throughout the world 
“cosmopolitan.” 

In Table 2, the distribution of the 202 invertebrates 
listed by Sumner et al. is compared with the 288 for 
Allee and in turn these are compared with the 125 
species from Squeteague Harbor and the 67 taken 
from Rand’s Harbor with special emphasis on the 
32 most common species from that habitat. The 
ranges of invertebrate animals in the vicinity of 
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TasLE 2.* A Comparison of the Range of Inverte- 
brates by Numbers and Percentages as Listed by Sumner 
& Allee for the Woods Hole Area with Those Collected 

in Squeteague and Rand’s Harbors 





| Ranp’s 
Range ie | aoe’ ; 

Sumner | Allee | Squeteague | 

(202) | (288) | (125) | (67) | (32) 
South... Ba vie 1/100 (.50) |137 (.47) | 85 (.68) 43 (.64) | 22 (.69) 
North.............] 48 (.24) | 79 (.28) | 19 (.14) | 9 (.18) | 6 (.19) 
Mid-range... | 29 (.14) | 81 (.11) | 17 (.14) | 8 (.12) | 3 (.09) 
Doubtful...........] 25 (.12) | 32 (.11) | 4 (.08) | 4 (.03) | 1 (.08) 
Local. . Sell *aeccad tl) eRe 
Cosmopolitan... ... | 4 (.01) 





*Percentages rounded off to the next higher number when 0.005 or higher. 


Woods Hole as shown by Sumner e¢ al. (1911) and 
Allee (1923) are more southern than northern. In 
comparison, the 125 species of Squeteague Harbor 
and the 67 species found at Rand’s Harbor show an 
even greater percentage of south-ranging forms. Of 
the 32 most common species at Rand’s Harbor, 69% 
are south-ranging, and this fact further emphasizes 
that conditions in an estuary are peculiar. 

Both arms of Rand’s Harbor had a similar distribu- 
tion of animals with respect to the concentration 
at high tide, low tide, slope and channel (Fig. 11). 
In 1949 and 1950, the greatest number of species 
and individuals were found at the low tide level and 
slope stations. Although incomplete collections were 
made in 1946 and 1948, the distribution in those years 
resembled that for 1949 and 1950. An analysis of 
the substrates in which the animals were found in- 
dicated that they were most abundant on sandy-mud 
and sandy-gravel. {=Nassarius] 
(Say) was the species with the largest number of 
individuals collected and it was usually at low tide 
level or on the slopes and on sand and gravel or 
sand alone. The tube dwelling annelids Pectinaria 
gouldi (Verrill) and Clymenella torquata Leidy were 
most numerous in the channels of both 
Rand’s Harbor and penetrated into the upper reaches 
of each arm. 

In analyzing the distribution of the five most 
numerous polychaete worms of Rand’s Harbor, it was 
found that there was a definite zonation (Fig. 12). 
Spio setosa Verrill was found only at low tide and 
on the slope. Heteromastus filiformis (Claparéde) 
was most numerous at low tide with fewer being 
located on the slope and in the channel; Haploscol- 
oplos fragilis (Verrill) had its largest number on the 
slope with the next greatest concentration in the 
channel and the least number at low tide; Pectinaria 
gouldi had its largest concentration in the channel 
with almost as many on the slope and a few at low 
tide; and Clymenella torquata had no specimens at 
low tide with the greatest number in the channel and 
fewer on the slope. 

A relatively few species showed a greater concen- 
tration either toward the mouth of the arms or in 
the upper reaches. Such distribution may be di- 


Nassa obsoleta 


arms of 
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rectly related to variations of salinity. Brachidontes 
demissus (Dillyn) was found in largest numbers 
near the mouth where the salinity remains higher 
than in the upper part where at low tide the water 
may be almost entirely fresh. Animals regularly 
found in this upper region where the salinity varies 
markedly with the tides were Balanus eburneus Gould, 
Upogebia affinis (Say), and Cyathura carinata 
(Kroyer). 

Both substrate and degree of salinity seemed to 
determine the distribution of some species. In the 
basins, with their accumulations of hydrogen sulfide- 
saturated muck and cold freshwater springs, the 
clams Macoma baltica (L.) and M. tenta Say were 
found along with such small pelecypods as Mulinia 
lateralis Gray and Laevicardium mortoni (Conrad). 
Among rooted vegetation which covered the slopes 
of both basins and grew in shallow water freshened 
by drainage and seepage, large numbers of the clam, 
Mya arenaria L., were generally found along with a 
seattering of the oyster, Crassostrea virginica. 
(Gmelin). In almost all transects of both 
Heteromastus filiformis was present in peaty gravel 
and mud where the water was freshened. 

In contrast to those species with a distribution 
seemingly limited by salinity or substrate or both, 
there were a few animals which were collected 
throughout both arms. Among these were annelids, 
species of Neanthes, Haploscoloplos fragilis, Pec- 
the snail, 


arms, 


tinaria gouldi and Nassa [=Nassarius] 
obsoleta. 

During the summers of intensive studies and in 
subsequent ones some major fluctuations in numbers 
were noted. Although not collected by dredging, the 
blue crab, Callinectes sapidus Rathbun, was observed 
regularly. In 1949, this species was very plentiful 
in the Woods Hole area including Rand’s Harbor. 
Pecten irradians Lamarck was observed being eaten 
by Callinectes in nearby Squeteague Harbor and when 
the number of blue crabs was reduced, seallops in- 
creased in numbers and size. Although there may 
have been no relationship between the larger number 
of Callinectes in 1949 and the clam, Mulinia lateralis, 
it is of interest to note that the latter species seemed 
to have disappeared entirely from Rand’s Harbor in 
1950 (Table 1). Observations made in the summer 
of 1951 and 1952 showed a great increase in Anomia 
simplex D’Orbigny and in 1952 the small thin-shelled 
snail, Haminoea solitaria (Say), increased its pop- 
ulation greatly. Also in 1952 the barnacle, Balanus 
eburneus, had a very heavy and successful set. When- 
ever untreated wood was lodged for any length of 
time in Rand’s Harbor, fairly 
riddled it. 


Teredo navalis lL. 


NOTES ON THE ECOLOGY OF REPRESENTATIVE SPECIES 


OF THE RAND’S HARBOR FAUNA 
Species presented in the following notes were in 
most eases the most common forms while others al- 
though few or rare are of significance for comparisons 
with other estuaries or other types of environment. 
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DISTRIBUTION OF BOTTOM FAUNA OF 
RAND'S HARBOR IN SUMMERS OF 1949 AND 1950 
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Fic. 11. Numbers of individuals and species of invertebrate animals living in Rand’s Harbor at high 
tide and lew tide levels and channel during the summers of 1949 and 1950. 
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Fig. 12. Distribution of the five most numerous species of annelid worms in Rand’s Harbor during 
the summers of 1946, 1948, 1949, and 1950. Asterisk indicates total number of individuals of each spe- 
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PHYLUM ANNELIDA 


Clymenella torquata Leidy.—Although the small 
arms of Rand’s Harbor are not rivers, Pearse’s 
(1950) generalization that “Marine animals may... 
live in deeper parts of a river without being in fresh 
water” may help to explain the distribution in Rand’s 
Harbor of the maldanid worm, Clymenella torquata. 
More than half of the collections of this worm were 
made in the salty channels of both arms and a large 
number were also found on the slope with none at 
the low tide mark where the water was freshened. 

Clymenella torquata occupies the channel in both 
arms except for the extreme upper ends. No worms 
were found beyond the 1100-ft transect in the large 
arm and few beyond 700 feet in the north arm. 
Without exception clymenellids in the upper reaches 
live in mid-channel. 

In the Woods Hole area the “bamboo” worm fre- 
quents almost every sandy beach (Allee 1923). At 
Rand’s Harbor, however, only one-fourth of the 
worms were taken from a sandy substrate while a 
large majority, particularly in the small arm, were 
found living in mud. These findings agree with 
those of Allen & Todd (1900) who found Clymenella 
in the muddy bottom of Saleombe estuary in Eng- 
land & Stauffer (1937) who reported it living in 
the black sticky mud of the northwest gutter be- 
tween Naushon and Uneatena islands near Woods 
Hole, Massachusetts. 

Since C. torquata seems to live equally well in 
sandy and muddy substrates neither acting alone 
limits distribution. However, freshened sea water is 
a limiting factor, for it apparently prevented this 
worm from penetrating the upper ends of Rand’s 
Harbor. 

Haploscoloplos fragilis (Verrill).—It is of in- 
terest to note that although this worm was only the 
fifth most numerous, it was located along more 
transects than any other annelid and was second only 
to Pectinaria in the number of stations where it was 
found. In neither arm did the number at any one 
station exceed four and in a large majority of 
samples, only single animals were taken. This uni- 
form distribution may have been due to intra-specific 
competition although it may be significant that the 
largest number of H. fragilis collected were located 
between the two most numerous species of annelids 
of Rand’s Harbor, viz., Heteromastus filiformis and 
Pectinaria gouldi. 

Most of the specimens of H. fragilis were taken 
on the slope while most of the H. filiformis were liv- 
ing at low tide mark and most of the P. gouldi were 
in the channel. While both a majority of the latter 
two worms were found in admixtures of mud typical 
for them, most of the H. fragilis were found in 
mud with no other additions. 

Allen & Todd (1900) found the related worm, 
Scoloplos armiger, in the large Salcombe estuary in 
England while Stauffer (1937) found H. fragilis in 
an estuary between Naushon and Uneatena islands 
near Woods Hole, Massachusetts. 





A Strupy or THE Bottom Fauna oF RAND’s HARBOR 


233 


Heteromastus filiformis (Claparéde).—This species 
of capitate annelid was represented at Rand’s Harbor 
in 1950 not only by the largest number of individuals 
for its phylum, but also it had the widest distribution. 
In the same year these small red worms were col- 
lected from every transect of the smaller north arm 
and at all but two in the larger south arm. 

In his study of the Tamar and Lynher estuaries 
in England, Percival (1929) found H. filiformis 
under similar conditions to those found at Megansett. 
Although the estuaries were 19 mi long, the habitat 
niches he described were almost identical with those 
of Rand’s Harbor. Both the “slurry” mud and plant 
detritus mentioned by him were particularly like 
that found in the North arm, and, there, in that 
smaller arm with its fewer transects, a larger number 
of H. filiformis were collected than in the much 
larger, deeper, more sandy south arm. 

In spite of the fact that the distribution of this 
worm seemed to correspond to the presence of ad- 
mixtures of mud with peat and gravel, a careful 
analysis of the positions of the collection stations in- 
dicated that the distribution showed an almost exact 
correlation with the freshened water in both arms. 
Not only were the greatest concentrations of these 
annelids found in the upper reaches of the two arms 
at low tide mark and on the slope, but also their linear 
arrangement toward Buzzards Bay followed closely 
the “streams” of freshwater flowing out of each 
arm. This, too, agreed with the findings of Percival 
(1929), who encountered H. filiformis miles up the 
estuaries at salinities of 7.8 ppm. 

Interestingly enough, over a period of several sum- 
mers, H. filiformis showed a marked fluctuation in 
relative numbers and the peak years agreed with those 
of other annelid worms living in the two arms. It 
is unlikely, therefore, that substrate and _ salinity 
alone are the factors determining the numbers and 
distribution of H. filiformis, but the correlation seems 
close enough, at least, to justify further study using 
this information as a beginning. 

Pectinaria [=Cistenides] gouldi (Verrill) —Exeept 
for the summer of 1950 when the most numerous 
polychaete in Rand’s Harbor was Heteromastus fili- 
formis, Pectinaria gouldi exceeded all others. In 
both arms it was found equally in the channel and 
slope. Its usual substrate in both arms was mud, 
often mud smelling strongly of hydrogen sulfide. Less 
frequently it was found in a mixture of sand and 
mud, sand, and gravel. 

Usually the “ice-cream cone” worms were as dark 
as the mud in which they lived, being recognized in 
hauls only by the light reflecting from their long 
yellow setae which protected their tentacles. In the 
large arm as many as 45 worms were taken in one 
sample, which except for two other worms and two 
clams were the only animals taken in that haul. This 
occurred in the basin of the large arm at the 1000-ft 
level. Along this same transect other sizeable hauls 
were taken on either side of the large one mentioned 
above, consequently, this area was apparently in- 
habited almost exclusively by these worms. 
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The distribution of P. gouldi and Clymenella tor- 
quata almost completely overlapped. The former 
penetrated further into the freshened tips of each 
arm than did the latter. Although local densities of 
P. gouldi were somewhat greater than C. torquata, 
sampling records show that the animals were almost 
mutually exclusive in certain areas, i.e., when one 
worm was present in large numbers in a haul the 
other one was either lacking or only a few individ- 
uals present. How such a distribution of two forms 
with such poor means of locomotion and both living 
in strong currents ever came about is a question of 
interest. 

Spio setosa Verrill—The distribution of Spio 
setosa resembled that of Heteromastus in that both 
worms were more numerous in the smaller north arm 
than other common species of worms in Rand’s Har- 
bor. In another respect, however, Spio differed from 
Heteromastus in that the former had greater con- 
centrations of individuals at the brackish ends of both 
arms and although many Heteromastus were found 
at the low tide mark, a large proportion of these 
worms were also collected from the slope and channel. 
This was not the ease with Spio, however, for almost 
all of them were taken at low tide level. 

Although the distributions of these two worms over- 
lapped, they were seldom taken in the same bottom 
sample. This also appeared to be true of the two 
tube-dwelling worms, Pectinaria and Clymenella, but 
for different reasons. The latter two sedentary 
worms may have been mutually exclusive because of 
purely spatial limitations, while Heteromastus and 
Spio seemed to remain separated because the former 
lived in gravelly mud with an admixture of peat while 
the latter was found almost entirely in sandy gravel. 
In fact 41 of these spionids were taken in a single 
haul from such a substrate. This density was sur- 
passed only by a haul of Pectinaria, the most nu- 
merous worm species in Rand’s Harbor. 


considerable 


PHYLUM MOLLUSCA 

Brachidontes {=Modiolus] (Dillyn).— 
Although the large majority of the specimens of this 
mollusk were taken at the mouth of each arm, it is 
dangerous to infer without further information that 
this was alone due to favorable conditions of salinity 
and aeration. Of 45 estuarine forms tested by Pearse 
(1936) Brachidontes was one of eight which lived 
longer in brackish water than in undiluted sea water. 
It is not surprising, therefore, that these bilvalves 
were also found in the freshened upper reaches of 
both arms. 

It is possible that as important as salinity is, the 
type of substrate may be equally important, for Me- 
Dougall (1943) found the ribbed mussel in large 
numbers in reed beds at Beaufort, North Carolina. 
At Rand’s Harbor, Brachidontes were imbedded in 
almost every vertical bank (Fig. 5) composed of peat 
sand and rocks. However, clumps of 


demissus 


mixed with 


animals in the basins were also composed of large 
and apparently flourishing individuals. 
In half of the samples containing the snail, Melam- 
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pus, taken at high tide mark, Brachidontes was also 
found at a lower level imbedded in the same tough 
peaty substrate (Allee 1923). As at Beaufort, 
Brachidontes was sometimes found at a still lower 
level in association with the oyster, Crassostrea. 

Crassostrea virginica (Gmelin).—Two factors may 
have altered the distribution of the American oyster, 
Crassostrea virginica, in Rand’s Harbor. Undeter- 
mined numbers were removed by occasional fishermen, 
and “epidemics” of blue crabs, Callinectes, such as 
occurred in 1949, many have almost exterminated the 
oyster in both arms (see Table 1). According to Lunz 
(p. 81, 1947), “oyster mortality from depredation of 
crabs has been greater than from all other causes 
combined.” This is true not only for the small 5-30 
mm oysters but even old hard-shelled ones. He also 
found that up to 90% of the spat was eaten in 24 hr, 

In 1950 the oyster density had increased. The 
largest concentration of oysters was in the basin of 
both arms even though transect sampling did not en- 
tirely reveal this. Without a single exception the 
animals were found at low tide level. The most 
usual substrate was sandy gravel with a few on a 
more muddy bottom. 

With the exception of possible predation of 
Mulinia by Callinectes, the action of crabs on oysters 
may be the outstanding example of predation at 
Rand’s Harbor. Stevens (1929) also observed the 
smothering of young Crassostrea by the excavations 
of Upogebia but since the latter occupied such a lim- 
ited area at Rand’s Harbor, it is not considered to be 
a major competitor. 

Macoma baltica (L.).—One of the most character- 
istic estuarine forms is the clam, Macoma. baltica 
(Petersen 1913; Redeke 1922; Percival 1929; Fraser 
1932; Dexter 1947; Jones 1950; Stopford 1951). It 
is commonly found in all the estuaries of both Eng- 
land and northern Europe as well as northern North 
America. It is one of the few estuarine forms for 
which a marine community is named (Petersen 1913; 
Fraser 1932; Jones 1950). 

Although spatially associated with Mya arenaria 
the two clams seareely overlapped in range. Both 
were found predominantly at low tide level but by 
far the largest number of Macoma were found in 
rather stiff admixtures of peat and mud or peat and 
sand while most of the Mya were in gravel (Fraser 
1932). Both clams were found from mouth to basin 
of each arm with the larger numbers in the fresh- 
ened basins. This distribution is in agreement with 
Redeke’s (1922) mesohaline designation for both 
Macoma and Mya. 

Mulinia ‘lateralis Gray.—Information concerning 
this formerly common pelecypod at Rand’s Harbor 
is included for two reasons: one, when investigators 
were experiencing difficulty in finding this species in 
the Woods Hole, Massachusetts area, it was easily 
obtainable at Megansett; and two, because of its 
sudden and unexplained disappearance. 

It might be difficult to explain why this clam re- 
mained at Rand’s Harbor while being difficult to 
find elsewhere; on the other hand, its habitat appeared 
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to be unusually uniform and well defined. Most of 
these animals lived in a relatively cool (22°C) firm 
mud of the upper half of the channel and basin 
of the south arm amid springs of freshwater. In 
1946, the only time it was found to be in the north 
arm, all animals were concentrated in the basin. 

One possible explanation for their sudden disap- 
pearance might be attributed to the large number of 
blue crabs, Callinectes (Lunz 1947), present in 1949 
in the shallower north arm. During that same sum- 
mer these crabs were observed eating Pecten in Sque- 
teague Harbor just north of Rand’s Harbor. M. 
lateralis might have survived longer in the larger 
arm because the depth and coolness of the water in 
that arm may have acted as a deterrent to crabs or 
because the greater concentration of clams took longer 
to be eliminated. In any event, not one Mulinia was 
found in either arm in 1950. 

Mya arenaria L.—The soft shelled clam, usually 
found at low tide level, was by far the most numerous 
and widely distributed pelecypod collected in Rand’s 
Harbor. Aggregations of this species were not quite 
as well defined as those of Melampus and Brachi- 
dontes associations (Allee 1923; Fraser 1932). Al- 
though Macoma baltica was sometimes associated with 
Mya where the latter had spread into muddy areas, 
the soft shelled clam was found most often in a coarse 
gravel-clay substrate typical for the species (Fraser 
1932). 

Redeke (1922), in his study of several continental 
estuaries, found Mya in a mesohaline environment 
with a tolerance of 1.0-10.0 gm chloride per liter. At 
Rand’s Harbor, this range was apparent since Mya 
were found from the mouths of both arms to the 
freshened extremes of the upper basins. 

During the first three summers, the large majority 
of clams taken were juvenile. Of 138 clams taken at 
the 1100-ft transect in the large south basin, 132 were 
young. In 1950, however, Mya showed the same re- 
duction in numbers exhibited by other pelecypods, 
and those present were mature forms. Perhaps this 
sudden drop may also be attibuted to predation by 
blue crabs which were so numerous in 1949. 

Venus mercenaria L.—Although the little neck clam 
living in Rand’s Harbor was free from the predation 
of the carnivorous snails, Urosalpinx, Polynices, and 
Busycon, which did not penetrate the harbor waters, 
the clams were exploited irregularly on a small seale 
by fishermen. For this reason only general statements 
can be made with regard to their fluctuations in 
numbers. 

One such statement might be made about a marked 
reduction of Venus in the summer of 1950 when these 
shellfish were only one-fifth as numerous as in 1949. 
The most severe drop in clams was seen in the more 
shallow muddy north arm where fishermen seldom 
entered and the blue crabs, Callinectes, were most 
numerous. In the summer of 1949 large numbers of 
these crabs were noted not only in Rand’s Harbor, but 
in similar estuaries in the Woods Hole area. Accord- 
ing to Carricker (1951) the blue crab is the foremost 
predator of the quahog, Venus, and while observing 








A Stupy oF THE Bottom Fauna oF RAND’s HARBOR 235 


their predatory habits, he noted that average size 
crabs ate one quahog daily for a week. It seems 
logical to suggest, therefore, that crab predation 
rather than overfishing might have been the reason 
for the drastic reduction in the number of clams noted 
in 1950. 

During the that Rand’s Harbor 
studied, most of the Venus had already begun their 
summer migration from the channel. Only about one- 
fourth were found in the muddy channel with one-half 
on the gravelly slope and the other one-quarter at low 
tide. The clam found in all combinations of 
mud, peat, gravel, and sand. 

In comparison with two other well-adapted estu- 
arine forms, Nassa [=Nassarius] and 
Balanus eburneus, Pearse (1936) found that Venus 
could survive over 114 hr in freshwater. Nassa sur- 
vived 42 hr in freshwater and Balanus only 24.5 hr. 
This wide range of toleration may account, in part, 
for the presence of the clam in significant numbers 
at all tide levels in Rand’s Harbor. 

Melampus lineatus Say.—The pulmonate snail 
was found on damp black soil by parting the densely 
growing beach grass, Ammophila. In what appeared 
to be identical habitat niches the authors have ob- 
served this snail elsewhere on Cape Cod, in the Caro- 
linas, and on the Florida coast of the Gulf of Mexico. 

Sometimes Melampus was taken in great numbers 
with as many as 103 in one sample. Although most 
of these animals were found along the inner margins 
of each arm, the largest haul was taken along an 
outer margin. In such aggregations many smaller, 
apparently younger, animals were seen. 

In the Megansett area, Melampus at high-tide and 
Nassa at low tide level had the same relationship to 
each other as Dimon (1905) observed in New Eng- 
land waters. When clods of sod were removed from 
the steep peaty margin the ribbed mussel, Brachi- 
dontes {=Modiolus] demissus, was found imbedded 
just beneath the Melampus and well above the Nassa. 

The Melampus-Ammophila habitat at Rand’s Har- 

bor, like the Melampus Association described by Allee 
(1913) for Uneatena Island, appeared to be a sue- 
cessional stage which was gradually becoming ter- 
restrial. This transition was not continuous along 
the margins of the harbor, however, because here 
and there wave action during storms was apparently 
destroying the steep peaty banks. 
[=Nassarius] obsoleta (Say).—This snail 
was the most numerous animal collected at Rand’s 
Harbor. Although it is commonly called the mud 
snail, over half of the stations where most animals 
were collected were on sand and gravel or sand only. 
Both of these substrates were typical of the low tide 
mark and slope where single hauls of 157 and 167 
animals taken. These two hauls were taken 
in the more sandy south arm with no such coneen- 
trations being found in the smaller more muddy north 
arm. Only at the mouth of both arms were snails 
found in the shallow channel. 

Egg capsules of Nassa were observed in both arms. 
On July 9, 1950, 150 were taken at one station at the 
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obsoleta 
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1100-ft transect on the inner side of the south arm 
attached to Spartina sp., adjacent to small stands 
of Ruppia sp., and Zostera marina, Along the inner 
margin of the north basin many capsules were at- 
tached to Limonium carolinianum and Spartina sp. 
During the various summers great numbers of small 
young snails with sharp spires and clean black shells 
were seen. Dilute sea water is apparently not re- 
quired for the reproduction of these snails for Clem- 
ent (1952) has had experimental snails produce cap- 
sules regularly in pure sea water. Pearse (1950) 
maintained that snails placed capsules high on vege- 
tation where they would be exposed to a greater oxy- 
gen supply and would be free of predators. No 
predation of adult Nassa was observed although birds 
may include them in their diet (Bourn & Cottam 
1950). 

Under estuarine conditions, Nassa dominated the 
beaches of Rand’s Harbor. The few Littorina littorea 
L. taken were concentrated at the mouth of both 
arms and these were at high tide level where only 
the incoming clean sea water would cover them. 
According to Dexter (1942), L. littorea readily oceu- 
pied nearly freshwater at Cape Ann, Massachusetts, 
and Pearse (1942) noted that N. obsoleta spread out 
on the sandy beaches at Beaufort, North Carolina 
where L. littorea was not found. It is believed, 
therefore, that the silt of Rand’s Harbor is a limiting 
factor for L. littorea, which lacks a siphon. N. 
obsoleta, on the other hand, has one and can there- 
fore live in an environment of suspended particulate 
matter (Gowanloch & Hayes 1926). 


PHYLUM ARTHROPODA 


Balanus eburneus Gould.—Many years ago Ver- 
rill & Smith (1874) cited Prof. Jeffreys Wyman’s 
observation of the “ivory barnacle” living 65 mi up 
the St. John’s River in Florida where, according to 
the account, the river is “not at all brackish.” This 
is almost literally true for Marshall (1946) reported 
that the St. John’s River has about 150 ppm of 
chloride at this point. (Sea water has 19,400 ppm.) 

From Beaufort, North Carolina (Pearse 1936); 
MeDougall (1943) to Charleston, South Carolina 
(Stephansons 1952) into the Gulf of Mexico (Whitten 
et al. 1950), B. eburneus is found in increasing 
numbers until it occurs as the common barnacle of 
Texas bays attached to shells and “on the carapace 
of the blue crab” (Hedgpeth, in Whitten et al. 1950). 
A logical question may therefore be raised as to 
whether physical-chemical or biotic factors determine 
the presence of B. eburneus below the low-water 
mark in brackish to freshwater. 

In the waters of Woods Hole, Massachusetts, two 
other barnacles, Chthamalus fragilis and Balanus 
balanoides predominate as high littoral forms. The 
former was not found at Rand’s Harbor and only one 
specimen of the latter. Although C. fragilis like B. 


eburneus is at its northern limit on Cape Cod, 
the former is found on almost every submerged 
glacial boulder along with B. balanoides. B. eburneus 
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is much less common and is almost always in brackish 
water (Verrill & Smith 1874; Dexter 1947). 

Very few B. eburneus were taken along transects, 
but numerous clumps of them were attached to small 
isolated boulders found at low tide in freshwater 
seeps of the north arm (Fig. 10) and scattered amid 
Upogebia holes in the tip of the south arm. At low 
tide, the animals were not completely covered by 
water and remained closed tightly until the next high 
tide. 

In 1952, B. eburneus grew in profusion on wooden 
experimental boxes and stakes closer to the mouth 
of Rand’s Harbor than where they had been found 
earlier. Thus, they apparently flourished in water 
of higher salinity and their previous absence in the 
lower reaches might have been due to unsuitable 
substrate only. Pearse (1936) tests on the tolera- 
tion of estuarine forms to salinity changes and dry- 
ing showed B. eburneus to be among the most re- 
sistant forms. But these tests did not throw light 
on why the eyprid larvae of B. eburneus settle, at- 
tach, and survive under such extreme conditions as 
those obtaining at the far ends of each arm while 
adults are absent for the most part from apparently 
suitable substrates where the sea water is not brackish. 

Cyathura carinata (Kroéyer).—(The identification 
of this crustacean has been questioned. According 
to Dr. Milton A. Miller, of the University of Cali- 
fornia (Davis), who has examined an extensive col- 
lection of Cyathura collected from Rand’s Harbor 
and similar locations on Cape Cod, C. carinata has 
a completely fused abdomen, while the specimens 
from Rand’s Harbor have a partial separation of 
the first abdominal somite. At present, Dr. Miller 
is reviewing the genus.) 

The statocyst-bearing isopod, Cyathura carinata, 
is an uncommon but typical estuarine form redis- 
covered in England by Cooper (1916) at Christ- 
church Harbor, Hants. Previous to his report, the 
presence of this crustacean had been recorded only 
twice before in that country. However, despite their 
seattered distribution in time and space, he noted 
that the animals were numerous locally. This was 
also found to be true by Spooner & Moore (1940) who 
in the Tamar Estuary counted as many as 200 per 
square meter. In addition, Richardson (1905) listed 
for the species locations in Germany, Denmark, and 
treenland and in the United States, Gloucester, Vine- 
yard Sound, Long Island, New Jersey, and Virginia. 
Most recently, Pearse et al. (1942) found C. carinata 
in the estuaries around Beaufort, North Carolina. 

Records of this species at Woods Hole (Sumner 
et al. 1911): indicate that it was taken in brackish 
water just below low-water mark at Tarpaulin Cove 
on Naushon Island, at the head of Lagoon Pond on 
Martha’s Vineyard, and in West Falmouth Harbor. 
Allee (1923), in his 8-yr record of the Marine Bi- 
ological Laboratory class collections, indicated that 
two teams found this species. In subsequent years 
it was not taken or at least not recorded. 

In spite of its lack of abundance in water sur- 
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rounding Megansett, this peculiar burrowing isopod 
established itself in a habitat that was apparently 
typical, for it was twice found in eel grass deposits 
and all other collections were made in a sandy-gravel 
substrate but with eel grass close by, in agreement 
with all descriptions of its habitat. Although a few 
specimens were taken near the mouths of both arms, 
the majority were located in the upper reaches where 
the water was greatly freshened. Those found toward 
the mouth were in freshwater seeps or in the surface 
flow of freshwater which moved to the mouths along 
the outer shore of each arm. Only three specimens 
of the twenty-two taken were found in the channel. 
The rest were just below low-tide mark. 

In 1949, none of this species was taken in the large 
arm, but in 1950, 14 were found. This may be due 
in part to the fact that the 1300-ft transect was not 
studied in 1949. At this point, where the eel grass 
grew in abundance and the water was fresh at low 
tide, 6 Cyathura were taken in one sample. 

If not overly disturbed, Rand’s Harbor and similar 
areas may furnish a limited supply of these animals 
for observations on the function of their unique 
statocyst, burrowing and feeding behavior, and their 
toleration: of rapid changes in salinity. 

Uca pugilator (Bose) and Uca pugnax (S. I. 
Smith).—Speaking of the succession of marsh 
grasses on high depositing mud shores, Allee (1923) 
stated that “in place of the association dominated by 
Mya there would be one dominated in places by 
the fiddler crabs (Uca) and in other places by the 
snail Melampus lineatus.” In general the mutual 
exclusion of mollusk and arthropod appeared to hold 
at Rand’s Harbor. Apparently, both snail and crab 
were maintaining their species for numerous small 
ones of the former were found and Uca were observed 
in berry in August of 1948. 

Both Uca pugilator and Uca pugnax were present 
at Rand’s Harbor, and when these lively animals were 
identified to species it was found that the former 
frequented sandy beaches almost exclusively while 
the latter made its burrows in a rather mucky peat. 
Their presence, therefore, may not be due mainly to 
competition at the high tide level, where they both 
live, but rather to the presence of substrate of the 
proper “physical texture” (p. 1229, Sumner 1908). 

Upogebia affinis (Say).—Although not collected 
along any of the transects in either arm, this bur- 
rowing decapod crustacean was found commonly in 
the upper tip of the south arm beyond the 1300-ft 
transect. Their burrows perforated the foreshore 
area where pits were dug to test salinity at low tide 
(See Results, Physical-chemical). Verrill & Smith’s 
(1874) description of the habitat of Gebia affinis 
(Upogebia affinis) in Vineyard Sound fits almost 
perfectly the situation at Rand’s Harbor. They said 
that it “lives on muddy shores and digs deep burrows 
near low-water mark, in the tenacious mud or clay, 
especially where there are decaying sea-weeds buried 
beneath the surface.” Near the one-half inch holes 


made by Upogebia were good growths of both Ulva 
The animals at Rand’s Harbor did differ 


and Zostera. 
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in one respect from those observed by Verrill & Smith 
(1874) and Pearse (1945), however, in that burrows 
in the south arm did not exceed 8 in. in depth while 
both in Vineyard Sound and Beaufort, North Caro- 
lina, burrows were found to be 2-3 ft deep. 

Upogebia is often thought of as almost sessile since 
it lives and feeds in its burrow (Pearse 1945). How- 
ever, in August of 1951, animals were seen out of 
their burrows. This had been noted also by Stevens 
(1929) for the west coast form. 

On August 30, 1951, female Upogebia were carry- 
ing eggs. According to Gurney (1942) their larval 
and postlarval forms are commonly found in plank- 
ton. Apparently, freshened areas in estuaries pos- 
sessing the proper substrate and food may thus act 
as centers for dissemination of the species. Although 
this method appears to be a purely random one, since 
larvae flushed out of estuaries may be carried almost 
anywhere, once established in just such a place as 
Rand’s Harbor, the species is apparently able to per- 
petuate itself by broadcasting each vear large num- 
bers of larvae most of which may perish with some 
finding or being deposited on suitable substrates. 


DISCUSSION 

Various climax communities reflect the climate of 
the region in which they are located and it is com- 
mon practice among ecologists to recognize and dem- 
onstrate such situations in the field. In general, land 
communities have characteristic fauna and flora made 
up of dominant forms which, within the boundaries 
of geological and climatic change, exert a considerable 
control over the environment. An ecotone, on the 
other hand, is a transition zone between two recog- 
nizable communities characterized by instability of 
its biotie composition. This present study of the 
bottom fauna of Rand’s Harbor bears out the thesis 
that an estuary is an ecotone between fresh and salt 
water communities, not a community in its own right. 
Communities in the aquatic habitat are often less 
easily recognized than on land, however. This is true 
of the freshwater environment and even more evi- 
dent in animal and plant associations of the sea. 
Consequently, in studying transitional areas lying be- 
tween fresh and sea water, the ecologist is confronted 
with problems of unusual complexity and magnitude 
(MacGinitie 1939). 

The fauna of an ecotone should contain species 
from both neighboring communities. Latitude has an 
effect on this aspect of an estuarine ecotone. It has 
long been known (von Martens 1858; Pearse 1950) 
that estuarine ecotones broaden as the equator is ap- 
proached. In the tropics it is not uncommon to find 
many forms with marine affinities inhabiting fresh- 
water lakes (Annandale 1922). On the other hand, 
when northern estuaries are examined, the fauna 
adapted to various degrees of salinity exhibit very 
limited ability to invade the freshwater habitat. Since 
the variations of salinity in northern and southern 
estuaries may be considered comparable, the factor 
limiting invasion of freshwater by marine and estu- 
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arine forms may be temperature. The cold tempera- 
tures together with wide variations in temperature 
may act as barriers to animals in temperate and arctic 
zones while animals in relatively constant subtropical 
and tropical areas may have whole geological periods 
in which to adapt both physiologically and genetically 
to brackish or freshwater conditions. 

Narrow estuarine ecotones would, therefore, be 
more characteristic of the northeastern United States. 
The bottom fauna of Rand’s Harbor included no 
freshwater forms and only a few marine species. 
Adult Rana clamitans Latreille, however, were seen 
swimming at low tide in the upper reaches of both 
arms and tadpoles were observed in the upper end 
of the large arm, but neither was seen at high 
tide when the water was more saline. A further evi- 
dence that the upper reaches of Rand’s Harbor may 
be a Janus-faced portal was the presence of an old 
herring weir in the upper end of the small arm. 
Anadromous fish can make rapid excursions from 
saltwater to freshwater and return, but for other 
forms this journey has been a slow and dangerous 
one with many failures. 

Invertebrate animals in Rand’s Harbor generally 
found in undiluted sea water were Nephtys, Crepidula 
fornicata, Gemma, Littorina littorea, Urosalpinx, 
Balanus balanoides, Pagurus longicarpus, and Lepto- 
synapta. A much larger portion of the recorded 
fauna of Squeteague Harbor was marine. Many of 
these animals were species characteristic of marine 
habitats, such as sandy shores, rocky beaches, and 
breakwaters. MacGinitie (1935) found that many 
forms typical of other marine areas had been swept 
into estuaries and it is assumed that Squeteague has 
had additions to its fauna by similar means. Rand’s 
Harbor presents less opportunity for the establish- 
ment of species brought in by high tides or storms 
because the tidal pumping action in the narrow arms 
probably carries them out again. 

The species composition of estuaries may thus part- 
ly depend upon chance. The size, shape, and orienta- 
tion of the estuary with respect to prevailing winds, 
are factors which would influence the numbers of 
such chance immigrants. Both typical marine forms 
and estuarine forms from nearby estuaries could be 
earried in. Whether or not they might in time become 
permanent residents would depend upon the availa- 
bility of a suitable habitat. 

The occurrence of a larger percentage of south- 
ranging species in Rand’s Harbor than in the Woods 
Hole area as a whole suggests that such species may 
have been accidental immigrants which found in the 
small estuary conditions suitable for their survival. 
It is possibie that animals from more southern areas, 
particularly southern estuaries where the ecotone 
would have been broader, may have already partially 
adapted to less saline conditions and so were able 
to survive in an estuary such as Rand’s Harbor rather 
than on the northern marine coastal area. 

In addition to species from neighboring communi- 
ties and forms present because of accidental entrance, 
an ecotone may contain species present by “prefer- 
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ential selection” (Allee et al. 1949). Forty years 
ago, working independently, Shelford (1911la, 1911b, 
1912, 1913) studied freshwater communities and 
Petersen (1911, 1913, 1914) the marine habitat. 
Their conclusions were essentially the same as a 
statement made some 12 years later by Gowanloch 
& Hayes (1926) that there was a “. . . ‘physiological 
agreement’ of animal groupings in nature whereby 

. Species are automatically directed toward their 
appropriate habitat . . . Such studies have indicated 
that there exists, in fact, a remarkable assemblage of 
delicate adjustments of organism to environment... .” 

Estuaries contain many habitat niches which vary 
with respect to both type of substrate and degree of 
salinity. How then can a typical estuarine form 
be determined? The variability of the physical and 
chemical conditions in an estuary such as Rand’s 
Harbor is reflected in the diverse animal population. 
As a tension zone between two adjacent communities, 
a land ecotone is expected to contain species from 
both communities competing with each other. In an 
estuarine ecotone there is more inter-mingling of 
physical and chemical factors than of biotic entities. 
The salinity of the water is determined by the inflow 
of fresh water from one direction and tidal] influx of 
sea water from the other. There may be deposit of 
both fresh water and salt water debris. The type 
of soil exposed on the bottom may be modified by the 
velocity of both fresh and salt water currents and 
by the presence of fresh water springs. With the 
possibility of such a variety of substrate habitats in 
any one estuary, it is difficult or impossible to de- 
termine what species make up a typical estuarine 
fauna. The physical-chemical factors vary from 
estuary to estuary as well as within a single estuary. 
The end result seems to be that there are some 
animals with a widespread distribution in estuaries, 
but not all the animals are in all the estuaries. Rather 
the fauna of an estuary is made up largely of ani- 
mals adapted to the peculiar conditions of the par- 
ticular estuary. Conditions in certain estuaries may 
be so unique that expected estuarine forms do not 
occur. Arenicola, though present in nearby Sque- 
teague Harbor, is absent from Rand’s Harbor. Per- 
haps the acidity is too great or it may be a matter 
of reduced salinity which causes the animal to be too 
turgid to burrow (Percival 1921; Reid 1929). 

When more is known about bottom fauna around 
the world, it may be possible to make a comprehensive 
list of typical estuarine forms based upon their wide- 
spread distribution. In this connection it is of in- 
terest to note that Nassa [=Nassarius] obsoleta, 
Balanus eburneus, Heteromastus filiformis, Cyathura 
carinata, Macoma baltica and gammarids were found 
in Rand’s Harbor and have also been found under 
similar conditions in British and continental estuaries. 
(Allen & Todd 1900; Fraser 1932; Perevial 1921; 
Redeke 1922; Spooner & Moore 1940; Stopford 1951). 

Certain animals found at Rand’s Harbor seem 
to have found this estuary to be their “appropriate 
habitat.” Before 1870 when the hardy gastropod, 
Littorina littorea, was introduced from Europe and 
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invaded the Woods Hole area from the north, Nassa 
[=Nassarius] obsoleta was the most numerous snail 
of the littoral area (Dimon 1905). On the rocky and 
pebbly beaches of Cape Cod, a multitude of L. littorea 
has supplanted the other mollusk; however, in estu- 
aries such as Rand’s Harbor with its fine silt, N. 
obsoleta still predominates. Superficially, it might be 
assumed that under estuarine conditions L. littorea 
was unable to compete successfully with N. obsoleta 
for here and there only a few small L. littorea were 
found within old clam shells and among vegetation at 
high tide level. Actually, the scarcity of L. littorea 
is probably due to the fact that this species lacks a 
siphon which N. obsoleta has. This difference alone 
according to Gowanloch & Hayes (1926) had enabled 
the latter species to survive in estuaries, whereas L. 
littorea, because of its morphology and inability to 
tolerate suspended silt has not been able to penetrate 
into this habitat. Turbidity may be a limiting factor 
enabling only the filter or detritus feeders to live in 
the channel areas of Rand’s Harbor. 

Forms which appear in large numbers might be 
considered typical estuarine species. Although dom- 
inance of species is considered to disappear in estu- 
aries (MacGinitie 1939) and not to exist in ecotones 
(Allee et al. 1949), almost pure populations of some 
species were found where the substrates were rela- 
tively stable. Notable in this regard was Melampus 
lineatus, which was consistently found at high tide 
level in large numbers wherever Ammophila brevilig- 
ulata grew. This is in agreement with Allee (1923a), 
who considered this animal to be part of the High 
Mud Shore Association. Below the aggregations of 
Melampus, partially buried in the peaty banks and 
exposed at low tide, Brachidontes demissus were found 
in such densities as to be almost touching each other. 
Numerous burrows of two species of the fiddler crab, 
Uea, were found in less steep banks than those which 
sheltered Brachidontes. A close check indicated that 
both Uca pugilator and U. pugnax intermingled in 
the delimited areas where they were found; usually, 
however, U. pugilator was found in more sandy areas 
while U. pugnax seemed to “prefer” a firm mud 
substrate. 

Vegetation plays an important role in the distri- 
bution of certain animals in Rand’s Harbor in addi- 
tion to the example of Ammophila and Melampus 
just given. Especially is this true of the alga, Ulva, 
and the spermatophytes Spartina and Zostera. The 
alga is an important source of food for Upogebia 
which lives adjacent to it (Pearse 1945), and old 
Spartina roots afford a refuge for many marine 
worms including species of Neanthes, Spio, and Het- 
eromastus. Of all the rooted plants, however, Zostera 
is the most important, for not only does it provide 
food for estuarine forms but also it acts as a sub- 
strate. Allee (1923a) has shown that on sunny days 


the temperature at shaded areas below Zostera foliage 
may be as much as 8°C lower than the surface. Such 
protection is critical for the survival of many small, 
delicate marine forms and larval stages. 

The significance of estuarine Zostera has an even 
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greater importance to the whole northeastern Amer- 
ican coast for, although a plant, this organism has 
also taken “refuge” in a brackish water environment 
which is relatively free of its protozoan and fungal 
parasites (Petersen 1935; Stauffer 1937; Dexter 
1947). Here it has been maintained and sporadically 
propagates itself in adjacent coastal waters until 
now this species, after having almost disappeared 
from its usual habitat in coastal waters, is apparently 
“coming back” once more. 

One attribute estuarine forms must have is an 
ability to adapt to changes in salinity of the water. 
Perhaps the soft flexible body of Leptosynapta, the 
only echinoderm found in Rand’s Harbor, allows some 
osmo-regulation while sea urchins, brittle stars, and 
starfish with their almost inflexible exoskeletons can- 
not so regulate. Also, the chitinous-covered insects 
have generally been unsuccessful in penetrating sea 
water (Pearse 1950). A few, however, have been 
successful, for Ribbands (1944) reported that 
Anopheles melas could tolerate salinities up to 61 
gm NaCl per 1000 ce while its close relative A. 
gambiae does not have this capacity. 

Two very interesting problems are thus raised. 
How do endemic estuarine forms adapt physio- 
logically to severe physical and chemical fluctuations 
in their environment? What relationships do these 
same conditions have on genetic selection? 

At present there are no complete answers to either 
question. As early as 1931, Pantin carried on in- 
teresting osmotic toleration tests on the estuarine 
flatworm, Gunda (Procerodes) ulvae. He discovered 
that this animal was able to withstand the drastic 
osmoregulatory changes of its environment if calcium 
were present in freshwater; lacking this element, the 
animal swelled rapidly and died. Since the time of 
Pantin many studies have been made on osmoregula- 
tion and they have been very adequately reviewed by 
Prosser et al. (1950). In this account studies on 
such brackish water forms as Nereis, Carcinus, Can- 
cer, Ueca, and various gammarids were given. It was 
interesting to note that forms adapted to brackish 
water conditions were able to tolerate much lower 
salinities than representatives of the same species 
taken from the open sea. An excellent section writ- 
ten by C. Ladd Prosser (pp. 65-66, 1950) ends with 
this summarizing statement, “. . . experimental data 
on osmotie regulation agree well with distributional 
data. A statistical study of the abilities of many in- 
dividual members of groups whick are in transitional 
stages, e.g., brackish water brachyurans, shore and 
estuarine snails, or some Anura (particularly toads), 
would provide evidence regarding the role of indi- 
vidual functional differences in invasion of new en- 
vironments. Individual differences in response to 
osmotic stress may be either physiological, represent- 
ing the normal range of variation, or genetic pro- 
viding the means for appearance of new varieties or 
subspecies which may differ in range of distribution.” 

Ecological studies on osmoregulation and salt tol- 
eration must be approached with caution, however, 
and the total ecological picture should be considered. 
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For example, Robson (1920) found that the range 
of the snail, Paludestrina ulvae, was not limited by 
physical-chemical conditions but rather by the pres- 
ence or absence of its food-plant. Similarly, Elton 
(1927) has pointed out that the distribution of vari- 
ous species of the copepod crustacean, Eurytemora, 
was not limited by salinity, as it appeared, but by 
competition. Smith’s (1950) studies suggest that 
vivipary in marine polychaetes may be an adaptation 
to estuarine conditions. Indeed, it is possible that 
Vivipary may result in the production of precocial 
progeny which although relatively few in number have 
a high survival for a species which becomes endemic 
for brackish water conditions. It would seem that 
these physiological and reproductive adaptations are 
apparently taking place “before our eyes,” for 
Hubendrick (1950) thought that the snail, Hydrobia 
jenkensi, has gone from brackish to freshwater within 
the last 100 years! 

Again, there seem to be few if any answers to 
the second problem dealing with genetic selection. 
However, the survival of Zostera marina in Rand’s 
Harbor with its resurgence in the adjacent waters 
of Buzzards Bay makes one wonder whether some 
genetic change has not occurred in this species. Ac- 
cording to Tutin (1936) a new species of Zostera, 
Z. hornemanniana Tutin, has been discovered in 
British waters and is considered to be a hybrid be- 
tween Z. marina and Z. nana. Then too, Serventy 
(1935) in these same waters has studied a new species 
of estuarine amphipod, Gammarus zaddachi Sexton, 
which was found in inereasing abundance. This 
form was very similar to Gammarus locusta L., brack- 
ish water G. dubenii L., and freshwater G. pulex De 
Greer in morphology and was intermediate among 
them in its toleration to salinity. It is not unlikely 
that these similarities are genetic. 

These two isolated cases may be the first of many 
to lead to a study of the estuary as the site par 
excellence for testing Anderson’s (1949) theories on 
introgressive hybridization. This theory has been 
supported successfully by numerous examples of hy- 
bridized plants living in altered terrestrial habitats 
that occurred either naturally or due to human ac- 
tivity. Of all aquatic environments one could searce- 
ly think of a more variable habitat than the ever- 
changing estuarine ecotone, for in this hemisphere 
there is much variation and in the whole world almost 
every kind of habitat exists (Pearse 1950). 

A small estuary such as Rand’s Harbor has both 
diversity of conditions and compactness of area, which 
makes it useful for a comprehensive study, whether 
the study is made from a genetic, physiological, 
oceanographic, ecological or any other biological point 
of view. This present study of bottom fauna is an 
attempt to show that Rand’s Harbor, and probably 
all estuaries, is an ecotone, that is, a “competitive 
zone between two self-supporting communities” (Allee 
et al. 1949), in this case between fresh and salt water 
communities. (An estuary might also be considered 
an ecotone between land and water communities, but 
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that aspect of the problem was not analyzed in this 
study.) 

One characteristic of the fauna of an ecotone would 
be, therefore, that there were animals present from 
both neighboring communities. This aspect of the 
ecotone concept is not well illustrated at Rand’s 
Harbor because the marine species are not numerous 
and no freshwater forms were found as a part of 
the bottom fauna. In other estuaries, even on Cape 
Cod, there is more intermingling of fresh and salt 
water forms. 

A second aspect of the ecotone concept is well il- 
lustrated by Rand’s Harbor. The environment is 
truly intermediate between that of the two neighbor- 
ing communities and there are organisms in this en- 
vironment of brackish and alternating fresh and 
salt water which are not found in the neigbhoring 
communities but are typical of estuaries. Yet this 
fauna cannot be called a community because the 
animals do not modify or control the environment 
to any appreciable extent, and the faunal lists for 
any one estuary may vary greatly from year to year. 
There is a great diversity of habitats in any one 
estuary and therefore compounded diversity in estu- 
aries as a whole, with the result that there may be a 
fauna characteristic of a particular estuary but not 
a characteristic estuarine fauna. The concept of an 
ecotone as a local area of tension between two estab- 
lished communities is admirably suited to estuaries as 
a whole and to Rand’s Harbor in particular. 


SUMMARY 


1. Rand’s Harbor, the area studied, is a man-made 
estuary approximately thirty years old. The harbor 
has two arms, one 1300 and the other 850 ft long. The 
depth in each arm is not over 25 ft at high tide level. 
Both arms have fresh water flowing into them from 
adjacent ponds. Although small and semi-artificial, 
the harbor has characteristics typical of natural estu- 
aries and is situated near a site where Buzzards Bay 
has formed a natural estuary by encroachment on a 
Chaemaecyparis bog. Because of its small size, 
Rand’s Harbor was used for a comprehensive study 
of fauna, factors affecting fluctuations in numbers, 
and conditions influencing local distribution. 

2. A particular effort was made to record physical- 
chemical conditions in the substrate since most ani- 
mals found were burrowing bottom forms. Except 
for the areas of seepage in the extreme ends of each 
arm, conditions were relatively stable on the bottom 
during the summer months; temperature was 20°- 
23°C; pH was 7.0-7.6; and salinity was 27-30 ppm. 
Test holes dug in the foreshore of the extreme upper 
end of the south arm had water percolating into them 
which was, contrary to the literature, of low rather 
than high salinity. Futher studies of varying salinity 
included measurements of tidal exchange and observa- 
tions of layering of fresh and salt water. 

3. During the summers of 1946, 1948, 1949, and 
1950 intensive collecting was done at sampling sta- 
tions established along permanent transects across the 
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lower parts of each arm and the two basins at the 
upper ends of each arm. Samples were taken along 
transects not only at high and low tide marks of 
the foreshore, but also continuing on to the slope and 
into the channel. A spade was used for shallow 
water collecting and two different dredges for deeper 
water. Scattered observations were made in the sum- 
mers of 1951 and 1952. 

4, Thirty-two species were most abundant at Rand’s 
Harbor. A total of 67 species were taken, with 63 
from the large arm and 49 from the small one. The 
largest number of species and individuals lived at 
low tide level and on the slope in sandy-mud and 
sandy-gravel. 

5. Squeteague Harbor is a large estuary a few 
hundred yards to the north of Rand’s Harbor. For 
purposes of comparison, faunal lists for the summers 
of 1946, 1948, and 1949, compiled by the Invertebrate 
Zoology Course, Marine Biological Laboratory, 
Woods Hole, Massachusetts, in their study of Sque- 
teague Harbor were utilized in this study. 

6. A comparison of the fauna of the two arms of 
Rand’s Harbor (small arm, 49 species; large arm, 
63 species) with that of Squeteague Harbor with 125 
species suggests that when estuaries are at the same 
latitude, there may be a direct correlation between 
size and numbers of species. 

7. Animals occurring both at Rand’s and Sque- 
teague Harbors included a higher proportion of 
south-ranging species (Rand’s 69%, Squeteague 
68%) than was generally true of invertebrates of the 
Woods Hole area (47% as listed by Allee). 

8. Stable populations during six summers of col- 
lecting and observations were mainly burrowing 
forms: Clymenella, Glycera, Haploscoloplos, Spio, 
Ensis, and Uea spp. Non-burrowing stable popula- 
tions were of Brachidontes, Melampus, and Nassa; 
the first two lived on relatively stable mucky-peat 
substrates at high tide level and the latter was nu- 
merous on the bottom in all parts of Rand’s Harbor. 

9. Animals quite uniformly distributed in Rand’s 
Harbor were Haploseoloplos, Heteromastus, Neanthes 
spp., Spio, Pectinaria, and Nassa. Those restricted 
to areas of freshwater inflow (mostly extreme upper 
reaches of both arms) were Crassostrea, Macoma, 
Mya, Balanus eburneus, Cyathura, and Upogebia. 
Since the food-plants Ulva and Zostera also grew in 
the upper reaches of both arms, they and micro- 
organisms associated with them, should not be neg- 
lected as factors influencing distribution. 

10. Some populations fluctuated widely in numbers 
or even, as did Mulinia, disappeared. Among those 
showing striking fluctuation in numbers on the basis 
of collections and observations were Heteromastus, 
Neanthes spp., Pectinaria, Anomia, Crassostrea, Ma- 
coma, Mya, Pecten, Teredo, Haminoea, Balanus ebur- 
neus, and Callinectes. Some of this fluctuation was 
due to lack of suitable substrate, for when wood racks 
were provided, Anomia, Crassostrea, Teredo, and 
Balanus eburneus increased greatly. On the other 
hand, a general increase of Callinectes in Buzzards 
Bay coincided with a decline in numbers of almost all 
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shellfish in Rand’s Harbor. Arenicola, a form typical 
of Squeteague Harbor and usually considered to be 
estuarine, was not present in Rand’s Harbor during 
any of the six summers of observation. 

11. Factors which may limit distribution, with 
tentative examples of animals so limited, were pre- 
dation (Callinectes vs. shellfish), competition for sub- 
strate (worms), turbidity (Littorina littorea), sa- 
linity (Balanus eburneus), food (Upogebia), acids 
from pitch pines (Arenicola), substrate (Melampus), 
temperature (Venus), and organic decomposition 
(possibly Spio). 

12. During the summers of 1946, 1948, 1949, and 
1950, five annelids, Spio, Heteromastus, Haploscoplos, 
Pectinaria, and Clymenella showed a definite vertical 
distribution from low tide level to channel in the 
order given. No Spio were found in the channel 
and no Clymenella at low tide level. 

13. Eeologiecal notes on 18 Rand’s Harbor species 
are given. Most of these species were common forms, 
but a few rare ones were included for comparison 
with other estuaries or other types of environment. 

14. The application of the ecotone concept to 
Rand’s Harbor is discussed. Such matters as osmo- 
regulation, introgressive hybridization, and competi- 
tion among species are still unsolved problems upon 
which further work could profitably be done in such 
a tension zone, but the conclusion is reached that 
Rand’s Harbor is an ecotone. Its environment 
combines the physical-chemical properties of fresh 
and salt water communities; faunistically, it lacks 
freshwater bottom forms, but the neighboring marine 
community contributes some species; a varying num- 
ber of forms may be chance immigants, but the ma- 
jority of the species recorded are animals which find 
their appropriate habitat among the kaleidoscopic 
combinations of turbidity, salinity, acidity, tempera- 
ture, substrate, and biotic interactions of Rand’s Har- 
bor. 
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INTRODUCTION 


THE PROBLEM 

The present study represents an effort to explain 
so far as possible in the light of present knowledge 
the composition and occurrence of forest associations 
in the Harvard Forest. 

The Harvard Forest in Petersham, Massachusetts, 
has been maintained as an experimental area since 
1907. The long-term research program, which has 
been centered here for more than forty years, is based 
upon the belief that the history and development of 
forest communities can best be understood by select- 
ing a small area—some 2,400 A in this case—and 
recording at intervals the composition, volume, and 
other characteristics of each community as well as de- 
tailing all cutting operations and other disturbances. 

The study is restricted to the first 40-year period 
of University management, that from 1907 to 1947; 
and in general to those parts of the Forest which 
have been owned by Harvard University since the 
start. More specifically, it deals with Compartments 
I through VIII of the Prospect Hill Block, I through 
VIII of the Tom Swamp Block, and II through X 
of the Slab City Block. A total of 1,852 A of land 
are covered, of which 763 or 41% are in the Prospect 
Hill Block, 642 or 35% are in the Tom Swamp Block, 
and 447 or 24% are in the Slab City Block. Figure 
1 shows the location of the portions of the Forest 
included in this study. Elevations range from 700 
to 1400 ft above sea level. 
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confined to the composition 
aspects of the forest. The problem is exceedingly 
complex. The existing forest stands are small and 
highly variable. They owe their present-day existence 
to the interaction of a great many factors, among the 
most obvious of which are: the migration of tree 
species into the area; pre-colonial distribution of 
species as governed by site, fire, wind-damage, and 
other agencies; land-use history from the time of 
settlement; soil formations; depth of the water table; 
aspect and elevation of the site; variation in local 
climate between one point and another and between 
types of forest stands; the influence of insects and 
diseases such as the gypsy moth, the white pine 
weevil, and the chestnut blight; and the impact of 
fires and climatic agencies, especially the great hurri- 
cane of 1938. Many other factors could be named. 

Because tree species are commonly identified by 
their common names, these names are used through- 
out. Scientific names are given in Table 4 or in the 
text. 

During the 9 years of this study, a number of 
facets relating to the composition of the Harvard 
Forest were examined (Spurr 1946, 1950). Aspects 
that have been previously published, and which con- 
sequently are outside the scope of the present paper 
deal with the vegetational significance of recent cli- 
matie changes (Spurr 1953), stand composition fol- 
lowing the 1938 hurricane (Spurr 1956a), the rela- 
tion of local climate to forest composition (Spurr 
1956b), the effect of cutting practices on forest com- 


The study is further 
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Fig. 1. Map of the Harvard Forest showing three 
tracts and the subordinant compartments. Numbers 
circled indicate location of local climate stations, 1943-45. 


position (Spurr 1956c), and the success of forest 
planting as related to site and cleaning (Spurr 
1956d). The present paper is abridged from a doc- 
toral dissertation prepared under the supervision of 
Prof. Harold J. Lutz of Yale University and sub- 
mitted to that University. 
Basic MATERIALS 

Three sources provide much of the data: the Har- 
vard Forest map series, the Harvard Forest stand 
and experimental records, and original field work. 

Basie are the series of stand and type maps ex- 
tending back over a 40-year period. The maps vary 
in quality and accuracy, but give an excellent overall 
picture of composition changes. Preliminary topo- 
graphic maps to a scale of 1 in. to 400 ft and a con- 
tour interval of 10 ft were constructed by early stu- 
dents at the Harvard Forest. That part of Tom 


Swamp east of Harvard Pond was mapped in 1908; 
Tom Swamp VII and VIII were mapped about 1917; 
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the Prospect Hill Tract in 1910; and the Slab City 
Tract in 1909 and 1912. The first type maps were 
constructed shortly afterwards. Beginning in 1919, 
the entire forest was mapped approximately every 5 
years. 

The earlier maps were constructed by compass and 
pacing traverses, those of 1925 through 1937 being 
constructed at a seale of 200 ft per in. The 1937 map 
is particularly valuable because it records the types 
on the Harvard Forest just before the 1938 hurricane 
and because the location of compartment lines was 
carefully determined for the first time by transit 
traverses tying in permanent boundary stakes. In 
the present study the earlier maps were transferred 
to the recent base map, with obvious errors of type- 
boundary location corrected in the process. 

The most recent maps were prepared at a scale of 
400 ft per in. by Richard C. Rose, Earl P. Stephens, 
and the author from aerial photographs supplemented 
by careful ground checking (Spurr 1948). For the 
first time, an effort was made to list the actual species 
present according to their relative importance in 
individual stands, and to assign height and density 
values to each stand. Thanks largely to the availa- 
bility of recent infrared photographs of good scale 
(1:4,800 and 1:12,000) and to the improved tech- 
niques of mapping and classification, these maps have 
proved much more accurate and useful than previous 
map series. 

The second major source of basic materials has 
been the Harvard Forest stand and experimental ree- 
ords. These records are voluminous and date back to 
the acquisition of the area in 1907. Although highly 
variable in quality and in degree of detail, they do 
provide a clear understanding of the cultural history 
of each stand over a 40-year period. Additional ma- 
terial pertinent to the study came from the experi- 
mental records, dealing with such topics as hardwood 
plantings, regeneration studies, permanent sample 
plots, and soil survey. The periodic inventories of 
the tract also yielded information of interest. De- 
tailed case histories of 14 important stands are avail- 
able (Lutz & Cline 1947), as are single-page case 
histories of 26 (Spurr 1944). 

The third source of basic material has been original 
field work. The author has spent several years in the 
Forest in various research and management activities. 
He thus has participated actively in the measure- 
ment of sample plots, type mapping maintenance and 
development of the record system, and has obtained 
first-hand knowledge of practically every stand in the 
Forest. 


THE VIRGIN FOREST OF CENTRAL 
NEW ENGLAND 
HistToricaL Recorps 
Accepting the probability that the present forest 
species have for the most part been present and im- 
portant in New England for many centuries and even 
for thousands of years (Spurr 1953), we still re- 
quire knowledge of the virgin forests at the time of 
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settlement by Europeans. Such information must be 
compiled from fragmentary historical records and 
from study of remnants of old-growth timber in the 
region. 

The writings of early observers such as Thomas 
Morton (1632), William Wood (1634), Peter Whit- 
ney (1793), and Timothy Dwight (1795-1821) have 
been adequately summarized and discussed by such 
contemporary writers as Hawes (1923), Bromley 
(1935), Raup & Carlson (1941), and Cline & Spurr 
(1942). In general, they present a panorama of 
oak, chestnut, and hickory upland forests in Con- 
necticut, Rhode Island, and eastern Massachusetts in- 
cluding the town of Petersham. Going north into 
southwestern New Hampshire, hemlock and northern 
hardwoods were increasingly abundant. Localized 
forest types such as pitch pine on sand plains, chest- 
nut oak on xerie ridges, and spruce in bogs and at 
the high elevations, had approximately the same dis- 
tribution as they do today. Both fire and windthrow 
were apparently important disturbing influences in 
the pre-colonial forests. The Indians habitually 
burned the woods at least along the coast, while light- 
ning also may have been the cause for an undeter- 
mined number of fires. The mounds and hollows left 
in the ground by fallen trees were noted by Dawson 
(1847), as evidence of destructive pre-colonial wind- 
storms. Destructive hurricanes were recorded in 1635 
and 1815, with lesser storms being noted for inter- 
vening years. 

Additional historical records of considerable in- 
terest are given by Douglass (1755) and Belknap 
(1792). The former gives considerable information 
on utilization and size of white pine, concepts of that 
day as to quality, sizes, and value of the wood of 
various species, and the scarcity of firewood around 
Boston, but little about actual forest composition. 
The latter is more specific and has been apparently 
overlooked by previous writers on the original forest 
of New England. Belknap was a keen and accurate 
observer of forest conditions of his time. His con- 
clusions as to the distribution of tree species agree 
closely with those of present-day forest ecologists; 
he recognized the existence of forest succession; he 
is one of the earliest writers to appreciate the nature 
of peat and the importance of fossil wood found in 
it. All in all, Belknap provides the best contempo- 
raneous description of the virgin forest that we have, 
and one on which we ean place considerable reliance. 

From these original sources, we may conclude that 
the pre-colonial forests of New England were made 
up of the same species that characterize the region 
today. Furthermore, specific kinds of sides were oc- 
cupied by forest types generally similar to those 
occupying them today. The importance of any given 
species, or the composition of any given type within 
the original forest cannot be more than roughly ap- 
proximated from early descriptions, and any attempt 
to reconstruct such evidence must of necessity be 
highly subjective in nature. 
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OLp-GrowTH REMNANTS 


Perhaps the best sources of information concern- 
ing the floristic composition of the pre-colonial for- 
est are the remnants of this forest that have persisted 
into recent times and which have been studied by 
botanists and foresters. Remnants in southern New 
England have been discussed by Nichols (1913) and 
Hawes (1923). R. T. Fisher, first Director of the 
Harvard Forest, was influenced by the old growth 
remnants in southwestern New Hampshire and else- 
where when he described in 1933 the original forest 
in central New England as: 


“a forest in which broad-leaved trees and hem- 
lock formed a dense stand from eighty to one 
hundred feet high, above which either by small 
groups or single trees and varying greatly in 
abundance, white pines reached a height of 150 
feet or more.” 


Old-growth remnants in the Pisgah Mountain see- 
tion in the town of Winchester in extreme southwest- 
ern New Hampshire were studied in detail by various 
members of the Harvard Forest staff (Cline & Spurr 
1942). The so-called hemlock-northern hardwoods 
climax forest, consisting in this case largely of hem- 
lock, beech, sugar maple, and black birch, was found 
only on protected sites where fire and windthrow had 
apparently not occurred for ahout 400 vears. On the 
more exposed sites, white pine apparently also oe- 
curred as a climax species. Most of the remnants, 
however, showed evidence of past disturbances which 
were apparently responsible for the presence of sub- 
stantial quantities of white pine, paper birch, red 
oak, red maple, and chestnut in the stands. One para- 
graph from the conclusions to this study may well be 
repeated : 


“The primeval forest, then, did not consist of 
stagnant stands of immense trees stretching with 
little change in composition over vast areas. 
Large trees were common, it is true, and limited 
areas did support climax stands, but the majority 
of the stands undoubtedly were in a state of flux 
resulting from the dynamic action of wind, fire 
and other forces of nature. The various succes- 
sional stages thus brought about, coupled with 
the effects of elevation, aspect, and other factors 
of site, made the virgin forest highly variable in 
composition, density, and form.” 


In the Harvard Forest itself, areas that have never 
been cleared for agricultural use and that have always 
remained forested have been located as accurately as 
possible by Raup & Carlson (1941). None of these 
areas contain virgin forests today. Cutting has taken 
place in all the stands, and many have apparently 
been cut several times. 

In two places, trees of considerable age still occupy 
the land, despite 200 years of eutting and the 1938 
hurricane. These stands have been analyzed in the 
course of the present study. 
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In Slab City IX, along the east side of the high- 
way, is an old growth hemlock stand (Fig. 2). Ac- 
cording to Raup & Carlson (1941), the land was first 
assigned in 1740. Since some of the trees still stand- 
ing had originated previous to this time, it is evident 
that the area has never been completely cleared. The 
present stand consists largely of hemlock, with red 
maple, black birch, yellow birch and other hardwoods 
making up about ten percent of the stand volume. 
A few large white pine are scattered through the 
stand. The average height in 1944 was 65 ft, the 
average basal area being about 235 ft per A and the 
average volume about 35,000 board ft per A. Only 
among the hemlock are there trees more than 110 
years old, and these range up to about 90 ft in height. 
There is little evidence as to the composition of this 
stand in 1740, except that many of the large hemlock 
of today were small suppressed trees in the under- 
story at that time. 





Fie. 2. Old-growth hemlock stand in Slab City IX. 


Analysis of increment cores of standing trees in 
the old growth stand indicates that the area has been 
culled over at least twice. In 1841 much of the stand 
was cut or blown down. Growth analysis of hemlocks 
that were left shows a marked acceleration of. di- 
ameter growth beginning with this year. Of the larger 
white pine and hardwoods that have been bored, all 
originated in 1841 or within 5 years afterwards. In 
1892, about 60 to 70 trees per A were cut. The 
stumps are still discernible. These trees ranged up 
to 2 ft in diameter and consisted almost entirely of 
white pine together with a few chestnut. It appears 
unlikely that hemlock predominated in this stand in 
1740. Rather it would seem that white pine, chestnut, 
and various hardwoods occurred at this time in mix- 
ture with the hemlock, the hemlock taking over the 
stand after two successive logging operations had 
removed its competitors. 

The second existing stand in which old trees pre- 
dominate is in the northeastern corner of Prospect 
Hill II on medium to poorly drained glacial till bor- 
dering a peat bog. It consists of a small clump of 
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large hemlock trees ranging up to 180 years old in 
1946. On a quarter-acre permanent sample plot, vol- 
ume per acre in 1944 was 8,300 cubic feet, or 36,700 
board feet. The largest tree is 31 in. in diameter and 
85 ft high. The stand apparently originated about 
1765, probably following the first logging of the area. 
Growth-ring analysis shows that the stand was opened 
up by light cutting in 1790, by the 1815 hurricane, 
and that the trees were released again in 1838 and 
1876. Large hemlock up to 3 ft in diameter were 
cut in 1888, and a few more trees were cut in 1894. 
Some release was afforded by the death of the chest- 
nut due to the blight following 1916, and by the 1938 
hurricane. 

The above two cases, the only ones in the Har- 
vard Forest where old-growth trees occupy more 
than one-quarter acre, tell little about the compo- 
sition of the original forest on those sites. Although 
hemlock is currently predominant in both stands, 
and was undoubtedly at least a minor part of the 
stands in the early eighteenth century, the present 
stands owe their composition and structure to early 
windthrow and subsequent logging operations which 
removed the overstory, thus releasing the hemlock 
understory. Much the same situation was found by 
Marshall (1927) in the southern part of Tom Swamp 
IX, the Adams-Fay lot. 

THE PERIOD OF SETTLEMENT: 1733-1907 

The Town of Petersham was settled in 1733. The 
Harvard Forest was established in 1907. The uses to 
which the land was put during this period of 174 
years have greatly influenced the forest composition. 
The distribution of species and forest types in the 
Harvard Forest in 1907 was to a large extent the 
function of previous use of the land, and it remains 
so today. 

The land-use history of the area has already re- 
ceived considerable attention, and will be dealt with 
only briefly in the present study. The story in its 
broad outlines has been ably told by Fisher (1925, 
1933) and Cline (1936), and it has been portrayed 
in the three-dimensional dioramas of the Harvard 
Forest model series. More recently, many of the de- 
tails of the. land-use history of Petersham and the 
Forest have been published by Raup & Carlson 
(1941). 

In brief, the virgin forests were almost completely 
cut before the end of the eighteenth century, and 
much of the area cleared for farming. For a genera- 
tion or two in the first portion of the nineteenth 
century, the area was largely agricultural. To illus- 
trate this with a specific example, the writer pre- 
pared an agricultural land-use map of the Prospect 
Hill Block (Fig. 3). Areas which apparently have 
been always forested were mapped on the basis of 
the Raup & Carlson study and’ original field checks 
in which the ages of standing trees were determined 
in which stumps and other evidence of former 
growth were noted. Nine percent of the tract 
into the continuously forested category. Less 
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Fig. 3. Reconstruction of past land use in Prospect 
Hill Tract, showing areas formerly cultivated, pastured 
but never cultivated, and cleareut but always woodland. 


than one acre is still covered with old-growth trees. 
The rest is occupied by hemlock, red spruce, red 
maple, and other species in stands less than 100 years 
old, although an occasional older hemlock and spruce 
can be found which originated under the previous 
stand and which was subsequently released by 
logging. 

The remaining 91% has been cleared for agricul- 
tural use at one time or another, but not necessarily 
all at one time. Much of this has obviously never 
been cultivated repeatedly or thoroughly, but rather 
has been used primarily for upland pasture. To esti- 
mate how much land has been cultivated, the stone 
walls were followed and studied. Stone walls made 
up of boulders taken from cultivated fields are typi- 
cally larger and contain a greater variety of stone 
sizes and a greater number of stones than do simple 
stone walls that were erected merely to mark prop- 
erty lines or to fence in eattle and sheep. By correlat- 
ing the nature of the stone wall with the character 
of the ground surface on either side, it was possible 
to delineate those areas that had very likely been 
cultivated repeatedly or thoroughly. These areas cov- 
ered 16% of the tract, the remaining 75% being 
mapped as having been cleared for upland pasture 
but not having been intensively cultivated. 

The proportions of land in the other two tracts 
which have been continuously in forest, cultivated, or 
which have been cleared for pasture are apparently 
of the same general order of magnitude as in the 
Prospect Hill Block, but were not determined. 
Following the opening of western and northern 
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lands for settlement, much of the cleared land was 
abandoned, and seeded in to even-aged stands con- 
sisting largely, but by no means entirely, of white 
pine. These old-field pine stands became charac- 
teristic of the region, and by 1900 gave rise to a sub- 
stantial logging industry. However, as Thoreau first 
noted (1863), and as professional foresters have 
since rediscovered to their sorrow, these pine stands 
on upland soils were succeeded after logging by even- 
aged hardwood stands which today constitute the 
principal types in the region. 

Not only has the forest cover changed, but the 
drainage relationships of the soil have also been 
changed by the damming of streams and the subse- 
quent gradual filling up of the ponds by vegetation. 
William §S. Benninghof (personal communication) 
has worked out the history of Brooks Pond, Riceville 
Pond and the intervening Tom Swamp (Fig. 1). 
He found that, in the first part of the nineteenth 
century, only two small areas near the present high- 
way were ponded, each of these “Meadow Water” 
ponds covering about an acre. By 1830, the Tom 
Swamp causeway had been constructed across the 
middle of the peat bog. Riceville Pond was formed 
about 1856 by damming Riceville Brook. It was 
drained shortly after the turn of the century and re- 
stored following the 1938 hurricane. Brooks Pond 
was first formed sometime after 1880, and its level 
was raised slightly to its present position about 1900. 
Each of these changes undoubtedly affected the com- 
position and growth of the vegetation in the adjacent 
swamps. 

Similarly, the drainage of the Swift River in the 
Slab City Block and several of the brooks in the 
Prospect Hill Block have been repeatedly modified by 
the construction of dams, the filling of ponds, and 
the destruction of dams. The ruins of the old grist 
mill near the Forest Cottage in Prospect Hill I are 
still prominent. This mill was powered by water 
stored in two artificial ponds in what is now Prospect 


Hill VIII. 


COMPOSITION CHANGES: 1907-1947 
THE Map SERIES 

The different stand maps vary greatly in quality. 
Up to and ineluding the 1937 map, emphasis was 
placed on broad types. Only the changes in acreages 
occupied by these broad types ean be obtained di- 
rectly from the maps. Furthermore, there is consider- 
able variation in the way the different types are de- 
fined. The distinction between hardwood (here de- 
fined as trees capable of forming sawlogs) and cord- 
wood areas, in particular, has varied greatly from 
time to time, and these types must be grouped in the 
present analysis. Again, some mappers were prone 
to emphasize the importance of white pine, labelling 
stands as white pine (hardwoods or white pine-hem- 
lock-hardwoods even) when white pine made up less 
than 10% of the stand. This is particularly marked 
in the maps constructed between 1923 and 1937. All 
in all, the broad trends are well defined, but any at- 
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tempt to detail the composition changes must be de- the 1938 hurricane. In the forest type notations, WP 
ferred until individual areas are taken up. indicates white pine; HEM, hemlock; HD, sawlog- 


The method of analysis involved transferring all forming hardwoods such as red oak, white ash, paper 
type maps to a common base map prepared in 1946 birch, and black birch; PION HD, pioneer hard- 
from the 1937 transit survey as amended by aerial woods such as black cherry, gray birch, and aspen; 
photographie data and supplementary transit sur- and OPEN, open alluvial land. A soils map of the 
veys. Figures 4 and 5 represent the resultant maps same area is included. Aerial photographs of this 


of 1912, 1919, 1923, 1937, and 1946 for Compart- area have been published as figures 12, 13, and 14 in 


ments IX and X of the Slab City Block, compart- “Aerial photographs in forestry” (Spurr 1948). 
ments which are of particular interest because prac- The number of stands mapped has _ increased 
tically no cutting has been done in them since 1907, steadily in successive years. In the Prospect Hill 


and because a minimum of damage was done there by Block alone, containing 844 A and including 763 A 
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Fig. 4. Forest type maps of Slab City IX and X as of 1912, 1919 and 1923. 
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considered in the present study, 90 forest stands 
were mapped in 1908. There were 120 stands mapped 
in 1919; 240 in 1929; and 280 in 1937. The 1946 
map has 330 stands for this area, of which 163 are 
volunteer stands over 10 years old, 86 are undifferen- 
tiated blowdown and ecut-over areas, and 81 are co- 
niferous plantations. This increase in number of 
stands is due partly to the increasing complexity of 
the Forest during these years resulting from manage- 
ment and research activities, and partly to the grad- 
ual recognition of finer and finer distinctions within 
areas formerly mapped as a single stand. 

The acreage occupied by each broad type in se- 
lected years is given in Table 1. In 1908-09, mapping 
was confined to the Slab City Block and to the east- 
ern part of the Tom Swamp Block (Compartments I 
through VI), The acreages in these same compart- 
ments have been computed from the 1912-13 maps for 
the purpose of comparison. The 1912-13 maps in- 
cluded all of the study area except for Tom Swamp 
VII. Again for comparison, the comparable acreage 
values have been computed for 1919. From 1919 on, 
the entire 1852 A of the study area have been 
mapped. No acreages were computed for the maps 
constructed between 1923 and 1937 as these were 
largely modifications of the 1923 map. 

















TABLE 1. Acreage of forest types in the Harvard 
Forest study area: 1907-1947. 
15 25 
CoMPARTMENTS | COMPARTMENTS CoMPARTMENTS 

Seer ee 
1908 1912 1912 1919 | 1919 | 1923 | 1937 |1946 
White pine soot wee 217 395 394 480 | 431 | 208 | 38 
Pine-hardwoods.... . 120 82 115 194 208 | 356 | 287 | 115 
Hemlock-hardwoods. 34 43 79 137 164 | 223 | 306 | 218 
Hardwoods... -| 139 219 778 664 701 | 550 | 546 |1046 
Coniferous swamp... . ‘ne 82 87 87 | 71 73 | 50 
Coniferous plantings. .| ms 25 67 67 81 | 365 | 330 
Open... 55 25 200 132 145 | 140 | 67 55 
Total. : | 586 586 1575 1575 | 1852 11952 11852 1852 

| 























The percentage of the study area oceupied by the 
various broad types is given in Table 2. No percent- 
age is given for 1908-09 as less than one-third of the 

















forest was mapped at that time. The general trends 
TABLE 2. Percentage distribution of types in the 
Harvard Forest study area: 1912-1947. 
Forest type 1912 | 1919 | 1923 | 1937 | 1946 
eer | | | 
= (Percent) 
White pine............ % | 6) By) iu) 2 
Pine-hardwood........ 7 | 11 | 19 15 6 
Hemlock-hardwood....| 5 9 12 | 17 | 12 
MATOWOOE............ 44 38 30 | 29 | 56 
Coniferous swamp..... 5 5 4/4] 38 
Coniferous planting....| 1 3 4 | 20 | 18 
ee 12 | 8 sj) 4 4 
es 100 | 100 100 | 100 | 100 
| | 
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are clear. The substantial acreages occupied by white 
pine and old farm land in 1912-13 have been largely 
taken over by coniferous plantings, hardwood, and 
hemlock-hardwood stands. 

Finally a somewhat more detailed analysis has 
been made for the 763 A of Prospect Hill Compart- 
ments I through VIII inclusive. The 1908 stand 
map was reconstructed by the author in 1944 by pro- 
jecting the 1913 map backwards using information 
supplied by the stand records. The 1929 data have 
been added and the 40-vear trend is illustrated in 
Table 3. 

TABLE 3. Percentage distribution of types in Prospect 

Hill I-VIIT: 1908-1946. 

= ad | 
/1908 1912 1919/1923] 1929/1937) 1946 


SS 








Forest type 


White pine.............) 17 | 17 | 17 | 19| 17 | 4 1 
Pine-hardwood.........} 3/ 4] 9] 8j; 11] 9 7 
Upland hardwoods. .....| 42 | 43 | 36 | 29 | 27 | 29 | 42 
Hardwood swamp.......| 7 | 8|12/ 9; 6] 6 6 
foo ee a Se en ee 1 
Hemlock-hardwoods.... . pee ee 3 {11 7 | 14 12 
Conifer swamp.........| 3] 3] 3] 3] 3] 3 3 
Conifer plantings. ..... .| | 3] 7| 7] 19| 30| 26 
MGM ise ontera.t os ed anes oF | 201 12 | 1S ey 3 


Ji | oe eee '100 |100 |100 100 |100 |100 | 100 








In general, the study of the early maps shows that 
the same associations have been present since 1908, 
but that their relative importance, distribution, and 
exact composition have changed greatly in the inter- 
vening period. These changes will be indicated for 
each broad type. 

Wuite Pine Types 

Two associations contain white pine as a major 
species. The first is the pine type, defined as con- 
taining 80% or more white pine by volume, or by 
number of trees which are free to grow. The second 
contains pine in mixture with red maple, red oak, and 
other hardwoods (Cline & Lockard 1925). These are 
the old-field types which follow farm abandonment. 
The first develops when the white pine seed supply 
is ample and the sod is intact; the second results 
when this seed supply is deficient and when bare 
ground is exposed. 

In 1912-13, 26% of the study area was in pine, 
and 7% in pine-hardwoods. In succeeding years, 
cutting tended to reduce the area, while natural seed- 
ing on open land tended to increase it. As late as 
1923, 23% of the land was classified as white pine and 
19% as pine-hardwoods, although many acres of the 
later category actually contained few pine. Most of 
these stands have since been harvested, and the cut- 
over areas either planted or allowed to come back to 
hardwoods. Many residual stands were blown down 
in the 1938 hurricane, so that now only 2% of the 
study area is in natural white pine, and 6% in nat- 
ural white pine-hardwoods (Table 2). 





Harpwoop Types 

Three broad hardwood types were recognized in all 
the early type maps, these corresponding to the pres- 
ent day distinction between pioneer hardwoods, tran- 
sition hardwoods, and swamp hardwoods. The acre- 
age of these combined types show a decrease from 
1912 to 1923. This decrease, however, is more ap- 
parent than real. With time, hemlock became suffi- 
ciently important in some areas to justify the segre- 
gation of hemlock-hardwood mixtures. Much of the 
apparent decrease in hardwood acreage, however, is 
attributable to the habit in the 1920’s of designating 
stands containing a few white pine as pine-hardwoods 
or pine-hemlock-hardwoods. At any rate, the acre- 
age occupied by hardwoods was nearly doubled by 
the 1938 hurricane, as most of the blowdown areas 
have come into hardwood types. At the present time, 
substantially more than half of the forest is in hard- 
wood types. 

Where a white pine seed source is not available at 
the time of land abandonment, or where mineral soil 
is exposed at this time, old farm land tends to come 
in to a mixture of light-seeded hardwoods. These 
pioneer hardwoods include red maple, gray birch, 
and black cherry as the most abundant species. As- 
pen, red oak, and white ash are also common. With 
time, the association develops into one of the transi- 
tion hardwood types. 

The name, transition hardwoods, has been given to 
the upland hardwood complex of central New Eng- 
land because this complex occupies a zone between 
the red oak-white oak-black oak forest of southern 
New England and the beech-yellow birch-sugar maple 
region of northern New England. Red oak and red 
maple characterize the zone by their extreme abun- 
dance even though they also occur over a wide region 
outside. Paper birch, black birch, and white ash are 
other commonly occurring hardwood species. Hem- 
lock first appears as an understory species. 

On the older maps, the upland hardwoods were not 
subdivided into specific associations, but rather 
mapped as “good hardwoods” or “poor hardwoods” 
depending upon the commercial quality of the tim- 
ber. Younger stands, in which such short-lived spe- 
cies as gray birch, aspen, pin cherry (Prunus pen- 
sylvanica L.f.), and black cherry were abundant, were 
usually mapped as “cordwood,” “poor hardwoods,” 
or “inferior hardwoods.” A few years later, after 
most of the short-lived species had been eliminated, 
the same stands were often mapped “hardwood” or 
“good hardwoods,” or “better hardwoods.” 

Prior to 1916, chestnut (Castanea dentata ( Marsh.) 
Borkh,) was an important and valuable species. On 
the 1912-13 maps, less than 2% of the study area 
was mapped as pure chestnut, but the species oc- 
curred as a major element in the red oak-chestnut- 
red maple transition hardwood type. In 1913, Kit- 
tredge noted that locally it was only exceeded in 
abundance by white pine and red maple. The chest- 
nut blight disease was first noted on the Prospect 
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Hill tract in 1910, and by 1912 the infection was uni- 
formly distributed throughout the town (Kittredge 
1913). By 1916, practically all the trees of this 
species were dead or infected and consequently 
doomed. 

In the hardwood swamps, red maple is the pre- 
dominant species (Fig. 6), although many other 
trees are located abundant. In the Prospect Hill 
Block (Table 3), where the acreage of hardwood 
swamp has been segregated from that of the other 
hardwood types, this acreage has remained essentially 
constant since 1907. 





Fig. 6. Red maple swamp, Prospect Hill I. 


HeMiock Types 


In 1908, less than 40 A in the Forest were mapped 
as containing hemlock as a major species. Prominent 
among the stands thus designated were the two old- 
growth stands discussed earlier. By 1946-47, hem- 
lock oceupied substantially more than 200 A, or 12% 
of the study area. The slightly greater hemlock aecre- 
age indicated for 1937 in Tables 1 and 3 is due to the 
tendency in that year to designate stands as pine- 
hemlock-hardwood even when hemlock was a rela- 
tively minor species. 

Practically all of the present-day hemlock and hem- 
lock-hardwood stands have developed from transition 
stands either in the absence of cutting or following 
selective cutting in which the hardwoods were re- 
moved, freeing the hemlock understory. The former 
process, that of natural succession, is responsible for 
most of the present hemlock-hardwood acreage; al- 
though the latter process, that of silvicultural con- 
trol, is currently important. 

The increase in acreage of the hemlock and hem- 
lock-hardwood types is one of the most pronounced 
trends in forest composition in the past 40 years. 
Hemlock was a minor species in 1907. It had become 
a major species by 1947. Apparently it will become 
increasingly abundant in the future. At one time 
largely confined to ravines and other protected spots 
(Figure 7), it is invading a wide variety of sites. A 
great many acres of hardwood forest are today de- 
veloping a dense understory of hemlock. 
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Fig. 7. Hemlock in ravine of Swift River Valley. Slab 
City X. 


ConiIFEROUS Swamp TyPEs 

Two large peat bogs in the Harvard Forest have 
consistently remained in coniferous swamp types. 
The Tom Swamp bog, of which only about 50 A are 
included in the present study, is forested with a mix- 
ture containing black spruce, tamarack, hemlock, red 
maple, and other hardwoods. The Prospect Hill bog, 
containing about 25 A, supports an uneven-aged 
mixture of red spruce, hemlock, and red maple, with 
smaller amounts of black gum and yellow birch. The 
oldest black spruce observed in the Tom Swamp bog 
was 125 years old, and the oldest trees found in the 
Prospect Hill bog were hemlock about 200 years old. 
Although considerable wood has been cut from the 
latter swamp, neither area has apparently ever been 
clearcut. The acreages of the coniferous types in 
both bogs have remained essentially constant since 
1907. 

CONIFEROUS PLANTATIONS 

During the 40 years of existence as an experimental 
forest, much planting has been done on the area. No 
plantations were in existence in 1907, but by 1946-47, 
26% of the Prospect Hill Block and 18% of the en- 
tire forest were in coniferous plantations. White 
pine, red pine, Norway spruce, and white spruce have 
proven the most successful species and predominate 
in the present stands. The acreage in plantations has 
decreased in recent years, due in part to hurricane 
blowdown, and in part to suppression of plantings 
by hardwood competition. The area actually slightly 
exceeds 20% of the study area. 

OPEN LAND 

In 1912-13, there were 200 A of open land, and in 
1907 when the Forest was acquired by the University, 
this figure was at 230 A. Included in these values 
were large acreages of abandoned farm land and a 
lesser amount of non-forested swamp. Systematic 
planting of the old farm land, coupled with the nat- 
ural seeding of much of that land which was not 
planted, reduced the amount of open land to 55 A in 
1946-47. Of this amount, nearly 15 A around the 
Headquarters buildings have been kept open, and the 





Forest ASSOCIATIONS IN THE HARVARD FOREST 





253 


remainder is largely in non-forested swamp. Prac- 
tically no open upland available for planting exists 
today. 

SUCCESSIONAL TRENDS 

Even the generalized picture of stand composition 
changes since 1907 provided by the study of old 
stand maps makes it apparent that the post-agri- 
cultural succession is a dominant factor determining 
forest composition today. Three of the naturally oc- 
curring types—the white pine type, the white pine- 
hardwoods type, and the pioneer hardwoods type— 
originated chiefly on abandoned farm land. In addi- 
tion, some of the areas mapped as transition hard- 
woods undoubtedly originated on old fields. All in 
all, these old-fields types covered about 40% of the 
study area in 1907 and still include approximately 
12% of the area. 

In addition to the natural pioneer types, the co- 
niferous plantations, covering 18% of the study area, 
constitute artificial pioneer associations ecologically 
similar to the old-field white pine type. Thus, per- 
haps 30% of the present acreage is occupied by pio- 
neer associations. 

Transitional successional stages are chiefly repre- 
sented by transition hardwood types, although some 
of the pine and hemlock stands undoubtedly fall in 
this category. Probably somewhat more than 50% of 
the forest is of this nature today. 

Finally, the hemlock and hemlock-hardwood types, 
together with a small part of the hardwood and white 
pine types, represent a later stage in succession. 
Somewhat less than 20% of the study area was cov- 
ered in 1946-47 with these “late-successional stages.” 





PRESENT-DAY FOREST ASSOCIATIONS 


Although the information concerning stand com- 
position from the older Harvard Forest stand maps is 
limited, the 1946-47 maps lend themselves to further 
analysis and provide a means whereby present-day 
forest associations can be isolated and described. 
A check on this technique is provided by the records 
of permanent sample plots. 

METHOD OF STAND Map CONSTRUCTION 

The 1946-47 stand maps were the product of aerial 
photographic and ground reconnaissance. Various 
recent aerial coverages taken with panchromatic, in- 
frared, and color film, with various filters, and at 
various scales, were available for the type mapping, 
but particular use was made of 1:12,000 photographs, 
taken with infrared film and a medium red (Wratten 
No. 25) filter, on July 5, 1944. 

First, the base map constructed from transit sur- 
veys in 1937 was corrected by using the photographs 
in the Multiscope set up for use as a transfer device 
with two semi-transparent mirrors. Some supple- 
mentary transit surveying was done by C. T. Brown, 
Jr. and the writer. Then, the Multiscope was con- 
verted for use as a plotting stereoscope with one 
semi-transparent mirror, and the boundaries of all 
homogeneous forest areas were transferred to the 
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base map. All stands larger than one-quarter acre 
were thus segregated. From the aerial photographs, 
the stands were classified according to (1) broad 
composition classes as softwood, mixed-wood or hard- 
(2) 10-ft height classes; and (3) 4 density 


wood ; 
classes. Density class A included stands having 85- 
100% crown closure; B, 60-85% crown closure; C, 
30-60% crown closure; and D, 0-30% crown closure. 
Heights were coded to the nearest 10 ft, class 7 for 
example including trees 65 to 75 ft high. 

The maps were then taken into the field, and each 
stand checked on the ground. To replace the broad 
type classification, the species making up the stand 
were listed in order of abundance. Trees of primary 
or major abundance were listed in the numerator of 
a fraction, and trees of secondary or minor abundance 
were listed in the denominator. No hard and fast line 
was recognized between the two groups, but trees 
making up more than 10% of the basal area were 
generally considered of primary importance, and 
those making up less than 10% were of secondary 
importance. Similarly, important understory trees 
could be designated in the denominator of: the frac- 
tion when advisable, their height and density being 
indicated by separate height and density codings. 
Normally not more than four species were listed in 
either the numerator or the denominator of the type 
fraction. 

The result of the typing and coding system was a 
flexible description of the stand composition and 
structure as it actually occurred on the ground with- 
out recourse to any arbitrary or preconceived classi- 
fication system. Thus: 

T—PB—RO 3_7B 
= id 
would indicate a stand made up of hemlock (T for 
Tsuga), paper birch, and red oak in that order of 
abundance, with a scattering of yellow birch and 
beech, the trees ranging from 25 to 75 ft in height, 
and covering between 60 and 85% of the area with 
their crowns. Again: 
WP9D 
T—RM4,6B 
would designate a three-story stand, the highest story 
consisting of a seattering of white pine 85-95 ft high; 
and the lower two stories, one of which was 35-45 
ft high, consisting of a fairly dense stand of hemlock 
and red maple. 
ANALYSIS OF Data 

In the original work on the Prospect Hill Block, 
the sorting of data from the stand map was based 
upon the primary species represented. Thus, all the 
white pine stands were grouped together and a fre- 
quency count made to determine the number of times 
each species occurred as a major and as a minor 
species within that group. The results were in- 


corporated into an earlier study (Spurr 1946). In 
later attempting the same technique for the stands of 
the Slab City Tract, however, it became apparent 
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that the technique, although informative, was gener- 
ally unsatisfactory. For instance, a stand in which 
white pine was the predominant species might be 
a young stand of post-hurricane origin on a sandy 
site, a middle-aged old-field white pine stand, or an 
old-growth stand with white pine standards above a 
hemlock and hardwood second story. Grouping such 
divergent associations simply on the basis that all 
contained more white pine than any other species 
would scarcely help to define the ecological rela- 
tionships and associates of white pine. 

A more satisfactory approach turned out to be one 
adapted from a technique evolved by the writer in an 
earlier study (Cline & Spurr 1942). First, the study 
was restricted to stands covering at least 1A, to areas 
of natural stocking, to stands 25 ft or more in height, 
and with a C stocking or better (more than 30% 
of the area covered by tree crowns). These stand- 
ards could be objectively applied to the stand maps, 
and served to confine the study to reasonably well- 
developed stands of at least moderate size. The com- 
position of younger stands following the 1938 hurri- 
cane is discussed later. 

Second, each stand was designated on the basis 
of field reconnaissance according to successional stage 
and moisture relationships of the site. Parentheti- 
cally, it should be noted that all stands meeting the 
requirements set up in the three major blocks of the 
Harvard Forest were used in this study, and not only 
those in the study area. 

Three successional stages were recognized: (1) pio- 
neer, (2) transitional, and (3) late successional. The 
distinction was relative rather than absolute. Pioneer 
stands included all those known to have originated on 
old fields and following clear-cutting and fire in the 
past 20 to 30 years. Such stands were subdivided into 
those of old field origin and those originating on cut- 
over land. Pioneer stands on cut-over sites were dis- 
tinguished from transitional types of being younger 
and characterized by the presence of short-lived spe- 
cies such as gray birch, pin cherry, and aspen. Abun- 
dant black cherry was also frequently found in pio- 
neer types. Transitional types included all middle- 
aged stands not segregated as pioneer or late suc- 
cessional. Late successional types included all old- 
growth remnants, and all areas in which no cutting 
or other disturbances have taken place over the past 
half-century or more. Although the segregation of 
successional stages was somewhat subjective, it proved 
surprisingly easy and apparently fairly precise. 

Five soil moisture conditions were recognized, these 
five conditions being set up as a result of the study 
of the local soils and site qualities. The base of the 
classification was the Harvard Forest soils map (Sim- 
mons 1939-1941), modified where necessary by field 
reconnaissance. Generally but not always, Merrimac, 
Hinckley and Jaffrey soils were considered very well 
drained; Gloucester, Charlton, and Brookfield soils 
were considered well drained; Acton and Sutton 
soils were considered imperfectly drained; Whitman 
soils were considered poorly drained; and peat and 
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muck deposits were considered very poorly drained. 

When all the stands were sorted according to the 
above criteria, it was found that each class thus set 
up was characterized by a distinctive stand compo- 
sition. This sorting, therefore, was used as the basis 
for the presentation of information on the present- 
day forest associates. All frequency values are based 
upon the percentage of the mapped stands in which 
a given species was listed on the type maps as an 
overstory species. 

IMPORTANT SPECIES 

Many writers have stressed the variability of the 
composition of the transition hardwood region in gen- 
eral and the Harvard Forest in particular. Indeed, 
a great many tree species do oceur. Jack (1911) has 
listed 10 commercially important softwoods and about 
24 commercially important hardwoods, in addition 
to a long list of non-commercial woody plants. 

One of the most pronounced facts to come out of 
the present study, however, is that relatively few tree 
species predominate as primary components of the 
local forest associations. Table 4 gives the number 
of stands in which each species occurs as a major or 
as a minor component in the 235 stands studied, to- 
gether with the total occurrence reduced to a fre- 
quency percentage basis. Only two species, red maple 
and red oak, occur in more than 40% of the stands— 
red maple in 86% and red oak in 75%. These two 
species may be said to characterize the region. Only 


TABLE 4. Frequeney of occurrence of tree species in 
the Harvard Forest, 1947. 


Forest ASSOCIATIONS IN THE HARVARD FOREST 





NuMBER OF STANDS IN 
Waics Species Occurs 





| | 
Scientific name* Major | Minor | Fre- 
Com- | Com- | Total | cuency 


ponent | ponent Percent 


Common name 





Red maple 


Acer rubrum 154 | 48 | 202 | 86.0 
Red oak Quercus rubra 140 36 74.9 


Hemlock........| Tsuga canadensis 52 34 36.6 
White pine Pinus strobus 48 32.8 


Paper birch Betula papyrifera 19 
Yellow birch B. alleghaniensis 
Black birch B. lenta 

White oak.......| Q. alba 

White ash.......! Frazinus americana 
Gray birch B. populifolia 


Prunus serotina 

Carya spp. 

A. saccharum 

Fagus grandifolia 

Ulmus americana 

Populus tremuloides & 
P. grandidentata 

Picea mariana 

Nyssa sylvatica | 

P. rubens 

Lariz laricina | | 























Based upon a total of 235 stands, 25 feet or over in height, 30 percent or better 
stocking, naturally restocked, and 1.0 acre or more in area. 
, “Little, Elbert L., Jr. 1953. Check list of native and naturalized trees of the 
United States (including Alaska). U.S. Dept. Agric. Agric. Handbook 41. 472 pp. 
tProbably includes scattered black oak (Quercus velutina). 
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two additional species, hemlock and white pine, oc- 
cur as major components in more than 10% of the 
stands. These four species—red oak, red maple, hem- 
lock, and white pine—and only these four species, 
may be said to constitute the major components of 
the local forest stands. 

Six other species—the four native birches, white 
oak, and white ash—are locally abundant, occurring 
in more than 10% of the stands, usually as minor 
components. Finally, 10 other species occur in more 
than 1 but less than 10% of the stands. Black oak 
(Quercus velutina Lam.) is present but not listed, as 
the distinction between black and red oak on the 
stand maps is not trustworthy. Its ecological posi- 
tion in the locality is treated by Bess, Spurr & Little- 
field (1947). 

The local forest, therefore, appears to be relatively 
homogeneous despite the patchwork impression that 
the stands present on the stand maps. Of 20 sig- 
nificant tree species, only 4 are of primary impor- 
tance in that they are both abundant and widely dis- 
tributed throughout the forest. 

It still remains, however, to isolate and discuss the 
individual forest associations. This may best be done 
by treating separately the pioneer types, the transi- 
tional types, and the late successional types. 

PIONEER TYPES 

Some 46 stands were classified as pioneer asso- 
ciations, 28 occurring on old field sites and 18 on 
cut-over sites. The sample was insufficient to permit 
further segregation into soil moisture classes, al- 
though the composition trends associated with soil 
moisture are apparently closely comparable with 
those deseribed later for the transitional and late 
successional types. 

The composition of the pioneer types is sum- 
marized in Table 5, which gives the percent fre- 
quency with which each species occurs as a major and 
as a minor stand component. On old fields the well- 
known white pine type emerges. White pine occurs 
as a major component in all but one stand, fre- 
quently forming a pure pine type. Red maple and 
red oak are the other two primary species, both oc- 
curring in two-thirds of the stands. Red maple oc- 
curs as a major species in slightly more than one- 
half of the stands, and red oak in slightly more than 
one-third. Of the minor species, paper birch, gray 
birch, black cherry, and white ash occur in 18 to 
21% of the stands. The old-field white pine pioneer 
association may, therefore, be characterized as a 
white pine association with red maple, black cherry, 
gray birch, paper birch, white ash, and red oak oc- 
curring in greater or lesser numbers. 

The largest and oldest of these old-field white pine 
stands covers about 13 A. Remeasurement of a 
quarter-acre permanent sample plot in 1949 located 
in the best part of the stand gave a total height of 
91 ft, basal area of 189 sq ft per A, 140 stems of 
white pine and 20 stems of hemlock over 6 in. in 
diameter per A, and a total volume of 7,600 eu ft 
per A. 
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TABLE 5. Frequency of occurrence of species: Pioneer 














types. 1947. Pereent of stands in which species occurs 
as a major or minor component. 

Oup Fretp Sites | Cut-Over Sites 

Major} Minor} Total Major| Minor) Total 
White pine.....| 96 | 4 | 100 a 6 
Red maple......| 54 14 | 68 89 | 11 | 100 
Red oak........ 36 | 32 | 68 72 11 | 88 
Gray birch..... | #7 98 1 Qa 45 33 | 78 
Black cherry....; .. | 18 | 18 6 33 | 39 
White ash...... -- | 48 4 38 6 6 i i 
Paper birch.....| 11 | 7 | 18 x ee ee 
White oak...... - 1 7 11 6 o | a2 
_ .. See ae is foe tee f 17 6 22 
Mesoed Fic. te fee ee ee | 
Black birch... .. Pew les 7 _ 
Hemlock. ...... eT ane | 6 | 6 








Based upon 28 stands on old field sites and 18 on cut-over sites. 


In the young pioneer stands on cut-over and simi- 
lar sites, red maple and red oak again appear as 
primary species, with gray birch being nearly as fre- 
quent. Minor components listed in order of fre- 
quency include black cherry, aspen, hickory, white 
ash, and white oak. Of the two aspen species in the 
forest, the trembling aspen is considerably more 
abundant than the large-toothed aspen. 

The pioneer association on cut-over land is similar 
in many respects to the natural restocking on hurri- 
cane blowdown areas (Spurr 1956a). McKinnon, 
Hyde & Cline (1935) reported similar stand compo- 
sition in a regional study of the composition and 
stocking of volunteer hardwood stands following the 
clear-cutting of old field white pine. 


TRANSITIONAL TYPES 


A total of 139 stands on the 1946-47 maps met the 
requirements of size, height and density of the pres- 
ent analysis and were classified as transitional types. 


TABLE 6. Frequency of occurrences of species: 
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Transitional types. 





Ecological Monographs 
Vol. 26, No. 3 


These represented all sites, but nearly half of the 
stands occurred on well drained sites. 

The frequency of occurrence of various species in 
the transitional types is presented in Table 6. Group- 
ing all sites together, red maple and red oak appear 
as the two characteristic species, both occurring as 
major components in approximately three-quarters 
of the stands. The chief minor species is paper birch 
with an overall frequency of 30%. Six species are 
grouped with frequencies between 19 and 25%. These 
inelude in order of decreasing importance: hemlock, 
yellow birch, white oak, white ash, white pine, and 
black birch. Of these, hemlock oceurs chiefly as an 
understory tree, presaging late successional stages 
characterized by that species, while the others oceur 
in between 5 and 10% of the stands as major com- 
ponents and in a somewhat greater number of stands 
as minor components. The overall transitional type, 
then, is predominantly red maple and red oak asso- 
ciation with the understanding that a number of other 
species occur in varying amounts. A typical transi- 
tion hardwood stand is pictured in Fig. 8. 

A check on the overall composition of the transi- 
tion hardwoods is provided by the records of 17 
permanent sample plots in the Prospect Hill tract. 
These were established in 1944 by the author and C. 
T. Brown, Jr. and consist of a series of plots, mostly 
one-quarter acre in size, located in practically all 
the natural stands of timber in this largest of the 
Harvard Forest blocks. In the larger stands, more 
than one plot was established. Most of the plots were 
located in protected areas, as the stands on the more 
exposed sites had suffered greatly from hurricane 
blowdown and cutting. Therefore, the average site 
was somewhat better than would normally be the ease. 

The average basal area per A by species of the 17 
plots in the transition hardwood stands is given in 
Table 7. Red oak and red maple are the charac- 
teristic species as in the preceding analysis. Of the 


1947. Percent of stands in which species 


oceurs as a major or minor component.* 



















































































Very WELL IMPERFECTLY PooRLy Very Poor.ty 
DRAINED WELL DRAINED DRAINED DRAINED | DRAINED ALL SITES 

| Maj.| Min.| Sum | Maj. Min.| Sum | Maj.| Min.| Sum | Maj.| Min. Sum | M3j,| Min.| Sum | Maj.| Min.) All 
Red maple...| .. | 83 | 83 | 61 | 21 | 82 | 81 | 13 | 94/100 | .. |100 |100 | .. |100 | 74 | 16 | 90 
Red oak.....| 67 17 | 83 | 95 3 | 98 | 81 13 | 94 | 42 | 25 | 67 | 20 | | 20 | 73 10 | 88 
Paper birch..| .. 33 | 33 14 | 26 | 40 9} 19 | 28 8 | 13 | 21 | | 7 10 | 20 | 30 
Hemlock. ... : 33 | 33 3127 | ® _ 2 | 12 4 | 29 | 33 | Bs 13 2 | 23-| oe 
Yellow birch.| .. | .. | .. | .. | 13 | 13 | 12 | 22 | 34 | 17 | 25 | 42 | | 13 | 13 | 6 | 16 | 22 
White oak...| 33 17 | DO} B 18 | 31 6 3 9 = 4 4 | 9 | 10 | 19 
White ash...| .. Si a S1iB1i BT Dia i 8 Ke. 4a | | a 7 12 | 19 
White pine..| 50 | 33 | 88 6 15 | 21 as 9 9 4 13 | wi sd 2 7 8 113:/ 2 
Black birch. .| .. Es 5s 5 | 2] 3il 3 6 9 4 S |. a2 1) 338.) 13 5 | 14] 19 
Sugar maple. 2 10 11 3 9 12 ee ar meas 7 1 7 9 
Hickory..... 6 6 | 13 3 3 6 age re 4 4 7 
eee ,ir sis 4/4/13] ..] 18] 2] 1] 4 
Beech....... 8 8 is Pe 4 | 4 
No. of stands 6 | 62 | 32 | 24 | 15 139 

| | 





*Apparent inconsistencies in sums are due to rounding-off. 
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Fic. 8. Transitional hardwood stand on glacial till. 
Red oak, red maple and paper birch are the charae- 
teristic overstory species. Hemlock is prominent in the 


understory. 


secondary species, sugar maple has the largest basal 
area, primarily because two of the sample plots were 
arbitrarily placed in small stands characterized by 
this species. Otherwise, the relative importance of 
species is much the same as for the frequency study 
of the entire forest; yellow birch, white ash, paper 
birch, white pine and hemlock each making up a 
minor proportion of the forest. 

The transitional types, however, vary greatly ac- 
cording to the moisture relationships of the soil. The 
contrast in the distribution of red oak and red maple 
is especially well marked. Both occur on all sites. 
Red maple, however, occurs only as a minor ¢on- 
stituent on the very well drained sites and becomes in- 
creasingly important with increasing soil moisture, 


Prospect Hill transition hardwood stands 
(17 plots). 


TABLE 7. 





Overtopped 
Free trees* treest 


All trees 


Basal area per acre (sq. ft.) 
Major components 





med Oak, ......5. 22.7 15 | 24.2 
Red maple....... 18.9 4.0 22.9 
Minor components 
Sugar maple...... 4.4 1.2 5.6 
Yellow birch... .. 3.5 0.7 4.2 
White ash........ | 2.8 0.3 3.1 
Paper birch. ..... 2.9 0.1 3.0 
White pine.... 2.5 0.4 2.9 
| | 
Hemlock.........| i | 1.0 2.1 
Black birch. . . am | @2 | 2 
White oak....... 1.2 0.4 1.6 
Black cherry. .... | is} #8 | 48 
| | 

Otheret..........] 1.2 | 0.4 1.6 

eer 64.0 | 10.4 | 74.4 





4 





*Overstory trees in domi or ¢ t crown position. 
tIntermediate and suppressed trees. 


Gray birch, beech, basswood. 
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being of major importance in all the stands on poorly 

drained and very poorly drained sites. Red oak has 
diametrically opposite habits. It is of minor im- 
portance on the very poorly drained sites, becomes 
increasingly important with decreasing soil moisture, 
and is of major importance on well drained and very 
well drained sites. 

The other species exhibit just as pronounced adap- 
tation to site although none are as abundant as 
red maple and red oak. Only hemlock appears to be 
about equally frequent on all sites. White pine is a 
major species only on very well drained soils, and 
apparently decreases in importance with increasing 
soil moisture. Paper birch has much the same dis- 
tribution except that it is most important on well 
drained sites. White oak is important only on the 
very well drained sites, decreases with increasing soil 
moisture and is not found on the very wettest sites. 
Since only these species are found on the very well 
drained sites, the transitional forest on these dry 
soils may be described as being a red oak and white 
pine association with white oak and red maple being 
characteristic minor components. 

In contrast, the transitional forest on the well 
drained sites is considerably more complex. Twelve 
species have frequencies of 8% or greater on these 
sites. Beech, hickory, and sugar maple are appar- 
ently confined to well drained and imperfectly drained 
soils. The transitional forest on well drained sites 
is basically composed of red oak and red maple with 
lesser numbers of paper birch, white ocak and black 
birch. Hemlock occurs primarily as an understory 
tree, again foreshadowing late-successional stages. 
White pine, white ash, hickory, and sugar maple also 
occur more or less frequently as major components. 

On the imperfectly drained soils, red oak and red 
maple are of equal importance. White ash is the 
third most frequent species, being very largely con- 
fined to these soils. Considering the minor com- 
ponents, the transitional forest on imperfectly 
drained sites may be summarized as a red oak and 
red maple association with white ash, yellow birch 
and paper birch also being characteristic species. 

On the poorly drained sites, fewer species are 
found, and the stand structure is somewhat simpler. 
Red maple is by all odds the characteristic species 
with red oak being clearly second in importance. 
Yellow birch is more abundant on these sites than on 
any others, while all the other species show a general 
decline in abundance from the imperfectly drained 
soils. The association on poorly drained soils, then, 
may be generalized as composed of red maple and 
red oak with yellow birch. 

As in the previous eases, hemlock occurs primarily 
as an understory tree. White pine, paper birch, black 
birch, and white ash are locally of some importance. 
Fig. 6 shows a red maple swamp directly behind the 
headquarters building. This stand has been thinned 
onee. 

Finally, on the very poorly drained soils, red maple 
is the only tree that occurs in more than 20% of the 
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stands, and it occurs on all of the fifteen sites. Chief 
among the minor components are red oak, American 
elm, and black birch, with yellow birch and hemlock 
being nearly as frequent but occurring only as minor 
components. The transitional type on very poorly 
drained soils is basically red maple with lesser 
amounts of red oak, black birch, and elm. 

From the above discussion, it can readily be 
that the transitional types are highly interrelated and 
form a continuous and gradual gradational series 
from the driest to the wettest types. The transitional 
associations are characterized by red oak and red 
maple, the relative importance of each being deter- 
mined almost perfectly by soil drainage. All the other 
components occur less frequently, and serve to indi- 
cate soil moisture conditions. Thus, white pine in the 
transitional associations is prominent on very well 
drained or well drained sites; black birch on the well 
drained to very poorly drained soils; paper birch on 
the well drained and imperfectly drained soils; white 
ash on the imperfectly drained soils; yellow birch 
on the imperfectly drained and poorly drained soils; 
and finally elm only on the very poorly drained soils. 
The actual range of each species is, of course, some- 
what greater than that indicated above, but their 
characteristic range is largely as stated. 

Late SUCCESSIONAL TYPES 

Fifty stands were classified as belonging to the 
more maturely developed or late successional stages. 
None of these stands approach the nature of the 
theoretical climax association as few are apparently 
stable in composition and all show clearly the effect 
of past land use and management practices. Relative 
to the transitional stages, however, they do repre- 
sent a later stage in forest succession. 

Hemlock is the characteristic species of late suc- 
cessional associations, occurring as a major stand 
component in 96% of the stands (Table 8). Red 


seen 


TABLE 8. Frequency of occurrence of species: Late successional types. 


H. Spurr 
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maple and red oak are the other two species with fre- 
quencies greater than 50%. Of the other species, only 
white pine and three of the birches occur in more 
than 15% of the stands. The overall late successional 
association may be characterized as a hemlock-red 
maple-red oak association with minor representation 
of white pine, yellow birch, paper birch, and black 
birch. 

Considering variations in composition with rela- 
tion to variation in soil moisture, both red oak and 
red maple behave much as they do in the transitional 
types, the former species tending to predominate on 
the drier soils and the latter on the wetter soils. The 
only reason that red maple occurs more frequently 
than red oak in the late successional stands appears 
to be that a higher percentage of the stands on the 
more poorly drained sites reach this stage of de- 
velopment, as these sites are generally more pro- 
tected from wind and fire. 

An insight into the average composition of late 
successional stands is given by the average basal area 
values from 6 permanent sample plots in the Pros- 
pect Hill Block established and measured in 1944 
(Table 9). Hemlock makes up nearly 70% of the 
basal area of these stands, with red maple and red 
oak being the other species contributing appreciably 
to the basal area. White pine and the three longer- 
lived birches are the other chief components. 

On the very well drained sites, white pine is a 
major species. Black birch, white oak, and paper 
birch oceur frequently as minor stand components. 
The late successional forest on the very well drained 
sites consists primarily of hemlock, white pine and 
red oak with red maple, white oak, and black birch. 
This association differs from the comparable transi- 
tional association in that hemlock is a major species 
and that white pine has become somewhat more 
prominent. 
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occurs as a major or minor component.* 












































| 
Very WELL IMPERFECTLY | PooRLy Very Poorty | 
DRaINED WELL DraINneED DRaINED wameewell DRAINED ALL SITES 
Maj.) Min.| Sum | Maj.| Min.| Sum | Maj. Min.| ‘Sum Maj,| ‘Min, | Sum | | Mai, Min, (Sum | Maj. [Min,| Al All 
Hemlock. . . ./ 100 .. | 100 | 100 .. |100 | 88 | 12 en | 100 oe / 100 PR cs Ol. | 96 3 | 2] 98 
Red maple ce 44 | 44 | 29 | 47 | 76 | 75 | 25 | 100 | 40 | 40 | 80 | 64 | 36 |100 | 40 | 40 | 80 
Red oak... . 33 | 44 | 77 | 47 | 41] 88 | 38] .. | 388] 20] 20| 40; ..| .. |] .. | 30 | 24 | 54 
White pine..| 67 | 22 | 89 | 24 | .. | 24| .. | 50 | 50 | 20 | 20 | 40/ 18 / 18 | 36 | 26 | 18 | 44 
Paper birch..| 11 | 11 | 22 6 | 47 | 53 - 62 | 62 | 5; BE 3 ier gee oe 4 | 32 | 36 
Yellow birch. 11 11 18 12 29 12 38 | 50 | 40 | 40 80 | | a a7 | ae | 22 | 34 
Black birch. . 33 | 33 | .. | 53 | 53 deel a: et . bu. te 
Spruce. ..... in fe _ a Cede ty dos Fas | Oe hae 8 6 | 14 
Beech....... 11 11 18 18 25 | 25 | Be DT es ee A ee, 1) > 10 14 
White oak 33 | 33 18 | 18 Fs Se Lice fx | Ol 
ae oe : ; jae a) a Oy. i Oo) 2° aoe 
Tamarack | 9/18/27] 2] 4] 6 
Black gum | | 9] 9/ 18 | 2} 2| 4 
No. of stands| 9 17 8 5 11 | 50 











*Apparent inconsistencies in sums are due to rounding-off. 
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TABLE 9. Prospect Hill hemlock stands (6 plots). 
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| 
| Overtopped 
Free trees* | treest 


All trees 





Basal area per acre (sq. ft.) 
Major components | 


Hemlock......... 60.8 8.6 69.4 
Red maple....... 12.6 0.8 13.4 
Cc 9.0 0.7 9.7 


Minor components 

















White pine....... 3.2 0.3 3.5 
Black birch... ... 3.0 0.1 3.1 
Yellow birch. .... 2.6 0.3 2.9 
Paper birch...... 2.4 0.1 2.5 
Ci | ee 2.5 0.8 3.3 

Total.........| 96.1 11.7 | 107.8 

| 
*Overstory trees in dominant or cod nt crown position. 





+Intermediate and suppressed trees. 
tRed spruce, beech, white ash, black cherry. 


On the well drained sites, white pine is less im- 
portant than on very well drained sites, and various 
hardwoods are more frequent. The average compo- 
sition obtained from the frequency study is similar to 
that obtained from the basal area study of the Pros- 
pect Hill sample plots in Table 9. Hemlock, red 
oak and red maple are the key species, while white 
pine, yellow birch, paper birch and black birch are 
also common constituents. White oak and beech are 
also important constitutents locally. Again, in con- 
trast to the comparable transitional type, this late 
successional association is distinguished by the pre- 
dominance of hemlock and the greater importance of 
white pine and yellow birch. 

A similar late-successional association is found in 
the eight stands growing on imperfectly drained sites. 
Hemlock and red maple are the chief species with 
yellow birch, paper birch, white pine, and red oak. 
As in the corresponding transitional type, red maple 
is more common and red oak less common than on 
the drier sites. Hemlock and white pine are again 
more important than in the related transitional types. 
Beech also occurs as a somewhat less frequent stand 
component than the other species. 

On the poorly drained sites, hemlock is still the 
most frequently occurring species, followed closely 
by red maple and yellow birch. The sample is too 
small to permit accurate analysis of the minor spe- 
cies, but black birch, red oak and white pine are the 
only ones occurring as major stand components. 
Elm and paper birch, however, occur as minor stand 
components in 2 out of the 5 stands. Tentatively, 
the stand may be described as a hemlock-red maple- 
yellow birch association with minor components of 
black birch, red oak and white pine. 

Finally, on the very poorly drained sites, hem- 
lock and red maple are again the characteristic spe- 
cies. Here, however, spruce (red on the Prospect 
Hill Tract and presumably black on the Tom Swamp 
Tract) are prominent, along with white pine, tama- 
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rack, black gum, and yellow birch. We are, there- 
fore, dealing with the softwood swamp type. Two 
plots in the Prospect Hill peat bog give basal area 
data typical of the large bog, but not of the smaller 
bogs or the Tom Swamp bog (Table 10). In these 
values, red spruce has the greatest basal area and is 
also the most abundant tree, followed by hemlock 
and red maple, with the other species only making up 
a total of 5 sq ft of basal area per A. The late sue- 
cessional association on very poorly drained soils 
varies widely from spot to spot, but may be general- 
ized as usually containing hemlock, red maple and 
spruce with occasional white pine, tamarack, yellow 
birch, and black gum. 


TABLE 10. Prospect Hill peat bogs (2 plots). 





|Overtopped | 
| Free trees* | treesT | All trees 


Basal area per acre (sq. ft.) 


Red spruce..........| 30.4 | 5.0 35.4 

Hemlock 2.5... 25.0 i eo! 26.1 

Red maple........ 12.8 rt 13.9 

Co) 4.9 | 0.3 5.2 
| | 

fi |r 73.1 4.5 80.6 








*Overstory trees in dominant or codominant crown position. 
+Intermediate and suppressed trees. 
{Black birch, gray birch, white pire, black gum. 


All in all, the late successional associations bear a 
strong resemblance to the corresponding transitional 
associations. The most striking differences are the 
predominance of hemlock and the greater importance 
of white pine in the former stands. Hemlock arrives 
at its position by coming up through the understory, 
while pine does not increase in numbers over the 
years, but rather maintains itself by the persistence 
of those few stems which managed to survive early 
hardwood competition and thereby reaches a position 
of dominance over the rest of the stand. 

As with the other associations described, red oak 
and red maple are usually present, the former being 
more frequent on the drier and the latter on the 
wetter sites. White ash does not occur noticeably in 
the late successional stands, but whether this is due 
to its inherent inability to meet long-term competi- 
tion, or merely to the inadequate sampling of this 
study cannot be specified at this time. 

DISCUSSION 

Apparently, then, the associations in the Harvard 
Forest, far from being made up of a hodge-podge of 
species scattered indeterminately over the area, con- 
stitute a regular series of interrelated types, com- 
posed predominantly of surprisingly few species, and 
closely correlated to successional stage and site as 
expressed in terms of soil drainage. The species 
characterizing each of the three successional stages 
and the five soil drainage classes are summarized in 
Table 11. 
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TABLE 11. Tree species characterizing associations in 
the Harvard Forest.* 
Late 
Pioneer Transitional | Successional 
Site Associations Associations | Associations 
Very well WHITE PINE | RED OAK HEMLOCK 








drained GRAY BIRCH WHITE PINE | WHITE PINE 
Red maple | White oak RED OAK 
Paper birch | Red maple Red maple 
Red oak | White oak 
Black cherry 

Well WHITE PINE (old | 

drained fields) | RED OAK HEMLOCK 
RED MAPLE | RED MAPLE RED OAK 
RED OAK | Paper birch | RED MAPLE 
Gray birch White oak | White pine 
Black cherry | Black birch | Yellow birch 
White ash | | Paper birch 
Paper birch | Black birch 

Imper- Insufficient data | RED OAK | HEMLOCK 

fectly Red maple, | RED MAPLE | RED MAPLE 

drained white ash, and | White ash | Red oak 
birches pre- | Yellow birch | Yellow birch 
dominate. | Paper birch | 

| 

Poorly Insufficient data | RED MAPLE | HEMLOCK 

drained Red maple and | Red oak RED MAPLE 
birches pre- Yellow birch | Yellow birch 
dominate 

Very Insufficient data | RED MAPLE | HEMLOCK 

poorly Red oak RED MAPLE 

drained Black birch | Spruce 

Elm | White pine 
| Tamarack 


Yellow birch 


| 
Black gum 
| 





*Relative importance is indicated by capitals, followed by italics, followed by 
ower case. 


Two species are practically omnipresent. Red oak 
and red maple are equally prominent in all succes- 
sional stages and one or the other is prominent on 
al! sites. As stated previously, however, both exhibit 
marked relationship to soil moisture, red oak being 
most frequent on the drier and red maple on the 
wetter sites. 

White pine appears to be both less important than 
assumed by earlier white pine enthusiasts and more 
important than assumed by later hardwood enthusi- 
asts. It is, of course, the characteristic old-field tree. 
Furthermore, as has previously been well established 
by many investigators, it is the characteristic tree 
of very well drained sites in all successional stages. 
Regionally, it occurs on somewhat better sites than 
those frequented by pitch pine and on slightly better 
sites than those where red pine is found, chiefly to 
the north of the Petersham area. On the typical 


Merrimac and Hinckley soils as well as on the dry 
ridges of the Pisgah Tract (Cline & Spurr 1942) and 
similar sites in the Harvard Forest, white pine is a 
tree of major importance in all successional stages. 

The present data further indicate, however, that 
scattered white pines persist into the transitional 
stages on all sites, and make up an increasing per- 
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centage of the stand volume in the late successional 
stages as a few trees reach the overstory and become 
dominant over the rest of the stand. The higher fre- 
quency of white pine in the late successional stages 
as compared to transitional stages may be due to the 
fact that most of the present late successional stands 
originated in the mid-nineteenth century when ex- 
tensive land clearing and woodland grazing created 
sod conditions favoring the establishment of the 
species. White pine thus appears to be a minor but 
important and characteristic component of late sue- 
cessional stages on all sites from the wettest to the 
driest. 

Hemlock occurs in more or less equal numbers in 
late successional stands on all sites. It oceurs but in- 
frequently in pioneer and transitional associations, 
but is the characteristic species of late successional 
stands. As the period since farm abandonment in- 
creases in length and as eleareutting is supplanted 
by partial cutting, hemlock is becoming increasingly 
important. Already one of the most frequent species 
of the forest, it should become more abundant as 
partial cutting is practiced in the future. 

Of the other species, the various birches are the 
most important. Paper birch is best adaptcd to the 
drier sites, black birch to the average well drained 
sites, and yellow birch to the wetter sites. White ash 
is locally important on the imperfectly drained soils, 
but shows little persistence into late 
stages. White oak is important in all successional 
stages on the drier soils, while hickories are some- 
what less xerophytie, being found on the well drained 
as well as on the very well drained sites. Beech and 
sugar maple are occasionally found on the interme- 
diate sites; while red and black spruce, tamarack, 
elm, and black gum are found on the wettest sites. 


successional 


Everything considered, all the forest associations 
found in the Harvard Forest seem to represent a con- 
tinuous gradational series correlated with successional 
stage and soil moisture (Table 11). Thus, the old- 
field white pine and the pioneer hardwood types are 
pioneer associations which vary in composition ae- 
cording to the site where they oceur. Among the 
transitional types, the white pine-hardwoods type on 
the driest sites grades into the transitional hard- 
woods type on the intermediate sites which in turn 
grades into the swamp hardwoods types on the wet- 
test sites. Among the late successional types, the 
white pine-hemlock-hardwoods type on the driest 
sites grades into the softwood swamp type on the 
wettest sites. A similar gradational series is found 
on each site as between the different successional 
stages. In general, the pioneer hardwood associations 
(but not pioneer white pine) are less than 30 years 
old, the transitional associations from about 30 to 
60 years old, while the late successional associations 
are older. 

It may be mentioned that the associations here de- 
scribed bear little resemblance to the standardized 
forest cover types as described by the Society of 
(1954). The Harvard Forest 
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associations have been deduced from a study of actual 
composition of all the forest stands of a given area, 
while the Society’s cover types are based more on 
economic rather than upon ecological considerations, 
and relate primarily to broad regionally types rather 
than to what actually may occur in a specific locality. 

It has already been noted that few if any of the 
stands described approach the condition of a theo- 
retical climax in that their present composition and 
structure would persist unchanged indefinitely in the 
absence of disturbance or climatic change. None the 
less, it is of interest to project the successional trends 
noted. The regional climax as described by Nichols 
(1935) is a hemlock-white pine-northern hardwoods 
association; beech, sugar maple, and yellow bireh 
being the prevalent hardwood species. On the basis 
of the present study, the local climax might well be 
a hemlock-white pine-hardwood forest. White pine, 
however, would be a prominent member of the asso- 
ciation only on the drier sites. The hardwoods would 
be quite different from those named by Nichols, be- 
ing chiefly red oak and red maple. Certain of the 
other hardwoods, particularly yellow and black birch, 
would apparently be constituents of any climax com- 
munity. There is, however, no evidence in the pres- 
ent study of any trend toward greater numbers of 
the northern hardwood species. The physiographic 
climax on the drier sites is basically a hemlock-white 
pine-red oak association; the climatic climax on the 
intermediate sites is a hemlock-red oak-red maple 
association; and the physiographic climax in the 
swamps, a hemlock-red maple-spruce association. To- 
gether with the key species listed above, white pine, 
yellow birch, and black birch would occur in lesser 
numbers on a variety of sites. Such an ensemble of 
climax associations would not only be in accord with 
the successional trends here described, but would 
also agree with the conclusions reached in the study 
of the virgin upland forest of central New England 
(Cline & Spurr 1942). 


SUMMARY 


1. Forty years of recorded forest history in the 
Harvard Forest, Petersham, Massachusetts, provide 
an opportunity to evaluate the influence of site and 
successional development on the composition of forest 
associations. Changes in composition are recorded 
by stand maps covering 1852 A and prepared at in- 
tervals from 1907 through 1947. 

2. The virgin forests of central New England were 
made up of the same species that are common today, 
and were highly variable due to variations in site 
and catastrophic history. White pine was apparently 
abundant only on sandy and gravelly soils and on 
exposed ridgetops, although it occurred either singly 
or in groups throughout the forest. Oaks, chestnut, 
and hickories formed the upland forests for the most 
part. The distribution of hemlock was possibly re- 
stricted to ravines and other protected sites by pre- 
¢olonial fires. 
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3. The pre-colonial forests were almost completely 
cut before the end of the eighteenth century, and 
much of the area cleared for farming. Following 
widespread land abandonment in the mid nineteenth 
century, much of the farm and pasture land seeded 
in to white pine. Logging of the white pine early in 
the twentieth century resulted in the establishment of 
second-growth hardwood forests. 

4. Repeated mapping of the Harvard Forest from 
1912 to 1946 indicates a decrease in the acreage of 
white pine from 26 to 2% of the 1852 A; an in- 
crease in the acreage of hardwoods from 44 to 56%, 
and an increase in the acreage of hemlock-hardwoods 
mixture from 5 to 12%. Open land has been reduced 
from 12 to 3% while 18% of the total land area has 
been planted. 

5. The present-day associations constitute a regular 
series of interrelated types, composed predominantly 
of surprisingly few species, and closely related to 
and to site as expressed in terms 
The characteristic species of the 
stages recognized on the five sites 


successional stage 
of soil drainage. 
three successional 
are summarized in Table 11. 

6. Two species are practically omnipresent. Red 
oak and red maple are prominent in all successional 
stages and sites. Red oak is the most frequent on the 
drier and red maple on the wetter sites. 

7. White pine is the characteristic old-field tree 
and is also frequent on very well drained sites. On 
all sites, however, scattered white pine persist into 
the successional stage and become increasingly im- 
portant in the late successional stage as a few trees 
reach the overstory and become dominant. 

8. Hemlock has increased markedly in abundance 
over the past 40 years and is now the third most 
frequent species in the Forest. It exhibits little pref- 
erence for site, but is largely restricted on areas long 
removed from agricultural use or cleareutting. 

9. The present forest associations are apparently 
complex, but turn out to be fairly simple in their 
broad aspects, being closely related to soil drainage 
and to successional stage. A well defined series of 
gradational stages relate white pine on very well 
drained sites to spruce on very poorly drained ones. 
On well drained sites, short-lived species such as 
gray birch, cherries, and aspen characterize pioneer 
associations, with white pine as the principal old-field 
The transitional association is basically a 
red oak-red maple type, with other hardwoods mak- 
ing up minor proportions of the stand. In late sue- 
cessional stages, hemlock and occasional white pine 
join with red oak to make up the basie association. 


species. 
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